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1 - INTRODUCTION
The Origin s Space Telescope’s (Origins) signifi-

cant improvement over the scientific capabilities 
of prior infrared missions is based on its cold tele-
scope (4.5 K) combined with low-noise far-IR de-
tectors and ultra-stable mid-IR detectors. A small 
number of new technologies will enable Origins 
to approach the fundamental sensitivity limit im-
posed by the natural sky background and deliver 
groundbreaking science. This report describes a 
robust plan to mature the Origins mission-en-
abling technology from current state-of-the-art 
(SOA) to Technology Readiness Level (TRL) 5 by 
2025 and to TRL 6 by mission PDR. Entry TRLs 
corresponding to today’s SOA are 3 or 4, depend-
ing on the technology in question. Potential mis-
sion-enhancing technology is not described in this 
report, except where the enhancement naturally 
extends an effort to develop enabling technology. 
Mission enhancing technologies include lighter 
weight optics, smaller far IR-spectrometers, and 
improvements to heterodyne detectors.

Cryocooler advancement is needed to cool the 
telescope to 4.5 K and the detectors in the far-infra-
red instruments to sub-Kelvin temperatures. Cool-
ing the entire observatory reduces its self-emission, 
and cooling the far-infrared detectors reduces their 
noise, and both are required to reach astronomical 
background-limited performance.

Figure 1 shows the detector sensitivity needed to reach natural background-limited performance, 
expressed as Noise Equivalent Power (NEP). The NEP required for imaging is ~3 x 10-19 W Hz-1/2, 
whereas the NEP needed for the far-infrared spectrometer OSS with its spectral resolution of R=300 
is 3 x 10-20 W Hz-1/2.

Table 1: Detector characteristics for Origins instruments

Inst. Temp 
(K)

λmin 
(μm)

λmax 
(μm) R=λ/Δλ Npix Sensitivity Saturation 

Limits Notes

FIP1 50 mK 50 250 3 6,500 NEP=3 x 10-19 (W/Hz1/2) 50 μm: 1 Jy
250 μm: 5 Jy

2 bands, total power mode and 
polarimetry mode

OSS1 50 mK 25 588 200 104 6 arrays NEP=3 x 10-20 (W/Hz1/2) 5 Jy @ 128 μm 
for R=300 6 bands R~4 x 104 FTS mode

MISC Transit 
Spectrometer2

50 mK
30K 2.8 20 Up to 295 104 or 4 x 106 NEP=3 x 10-18 (W/Hz1/2) 5 ppm 

stability over a few hours
K~3.0 mag
30 Jy @ 3.3 μm

Detector stability limiting (5 ppm 
aimed for the short and mid wave-
length band)

1 Superconducting detectors will be used for the direct detection instruments (FIP, OSS) that operate at wavelengths beyond 25 μm. These instruments need arrays with ~104 pixels, which could be 
achieved by use of a mosaic of arrays with several 103 pixels. This method has been demonstrated in existing FIR instruments (e.g., SOFIA/HAWC+). For OSS, each detector couples to an R=300 band at 
the focus of the grating modules. This sets the sensitivity requirement; the medium- high-resolution modes use the same grating just with an FTS inserted in front.

2 The baseline detector technology for the long wavelengths channel of the mid-IR transit spectrometer will be arsenic-doped silicon impurity band conduction (Si:As IBC) detectors. These are being 
used in JWST/MIRI (Ressler et al., 2008) in a 1 k x 1 k format. For the transit spectrometer’s two shorter wavelength channels, the baseline detector technology is HgCdTe, which will be developed to 
provide the required performance parameters. TES detectors are also investigated for MISC-T stability requirements.

Figure 1: Sensitivity (i.e., NEP) requirements for far-IR instrumen-
tation. Curves show the photon shot noise – improving detectors 
beyond this produces diminishing gains. The most demanding ap-
plication is the Origins spectrometer (OSS), for which the photon 
NEP is as low as 3x10-20 W Hz-1/2. Horizontal lines show published 
measurements (aluminum KID from the SRON group, TES bolome-
ters at 1x10-19 W Hz-1/2 were measured at JPL and SRON).
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While the noise requirements for the Transit Spectrometer’s mid-IR detectors are nominally not a 
challenge (the required NEP is ~3 x 10-18 W Hz-1/2, which is routinely achieved with existing FIR de-
tectors), stability over several hours must be addressed to meet Origins requirements. Origins’ required 
stability over several hours of uninterrupted source monitoring is 5 ppm.

Table 1 lists the detector requirements for Origins instruments, including wavelength range, number 
of pixels, and sensitivity as measured by NEP.

Managing the Technology Development Program
During the technology development program, a dedicated technology Program Manager will hold 

an overall 25% contingency to be applied to critical needs for any of the technology development 
efforts. The Program Manager is also in charge of the technology review processes and the technology 
down-selection process. The Origins Program Office will also have a systems engineer who will assure 
alignment of the Origins requirements with the technological developments. This organizational struc-
ture will continue from the beginning of pre-Phase A through Phase A.

As risk reduction, the individual technology development plans discussed below include funded 
schedule contingency. As further risk mitigation, different technologies are being developed in parallel 
for far-IR detectors, mid-IR detectors, and 4.5 K cryocoolers. The sub-K cooler development reaches 
TRL 6 before Phase A, leaving significant schedule margin.

This document describes the cost associated with maturing the technology during pre-Phase A. 
Phase A costs are accounted for in the Origins Cost Report. The complete mission lifecycle cost of the 
Origins Space Telescope is summarized in section 4.5 of the Origins Mission Concept Study Report.

Note that for the schedules shown in this volume, we have defined Program Year which is defined 
as starting in the middle of the calendar year. We have assumed that the Pre-Phase A activities start in 
mid 2021, i.e., the beginning of PY 2021.

2 - CRYOCOOLERS
Origins requires 4.5 K mechanical coolers for all instruments and telescope, and sub-Kelvin coolers 

for the OSS and FIP instruments. If MISC-T selects bolometers for the long wavelength mid IR chan-
nel, then another sub-Kelvin cooler will be required.

2.1 Cryocoolers to Achieve 4.5 K

2.1.1 Cryocooler Requirements
Taking advantage of radiation to deep space can enable achieving low temperatures. However, due 

to the T4 decrease in cooling power per area – and parasitic heat from the spacecraft, Earth, and Sun – 
radiators colder than ~30 K are not practical. In the past, the InfraRed Astronomy Satellite (IRAS), the 
Cosmic Background Explorer (COBE), the Infrared Space Observatory (ISO), Spitzer, and the Herschel 
instruments used liquid helium to cool to <6 K and Mid-course Space eXperiment (MSX) and the Wide-
field Infrared Survey Explorer (WISE) used solid hydrogen to cool telescopes to <12 K. Stored cryogens 
have limited life, are bulky, and drive ground testing and on-orbit operations. For these reasons, mechan-
ical cryocoolers have been developed over the last several decades to replace stored cryogens. 

The baseline Origins design assumes high-reliability, relatively low-vibration mechanical cryocoolers. 
Four such cryocoolers will each provide 50 mW of cooling power at 4.5 K, 100 mW of cooling at 20 
K, and 5 W of cooling at 70 K, all with an input power (bus power) of 450 W or less. These require-
ments were derived to be straightforward extensions on present day cryocoolers. The requirements are 
somewhat flexible to allow more qualified cryocooler vendors to participate. Therefore, while the total 
cooling power at 4.5 K is fixed at 4 x 50 = 200 mW, and the total input power is fixed at 4 x 450 = 
1800 W, the number of cryocoolers and the intermediate stage temperatures can vary. 4.5 K was cho-
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sen as the base temperature to limit the in-band 
emission from the telescope. While a temperature  
lower than the cosmic microwave background at 
2.7 K provides the least noise, for low emissivity 
optics, 4.5 K represents a reasonable compromise, 
allowing use of some existing cryocoolers, as well 
as limiting input power to the cryocoolers. See 
Figure 2 for a comparison of telescope emission 
for various temperatures and sky background.

Origins is designed with high thermal conduc-
tance materials in low-temperature regions. Con-
sequently, the 4.5 K, 20 K, and 35 K regions are 
all nearly isothermal. Cooling these areas at one 
location produces only small gradients. Therefore, 
concepts such as broad area cooling are not re-
quired. What is required, however, is a scheme to 
transfer relatively-cold fluid where it is produced 
(e.g., at the spacecraft) to where it is needed at the telescope, instruments, and surrounding structure. 
Fortunately, the scheme used by the James Webb Space Telescope (JWST)/Mid InfraRed Instrument 
(MIRI) cooler also works for Origins, and the Origins system has been modeled after it. Two of the five 
cooler concepts need some method to mimic this (e.g., by providing a separate circulating loop). Soft 
mounted compressors of the type for the MIRI cooler have been shown to produce exported vibration 
~ 0.1 N. Origins performed a rough simulation of the effect on the telescope, using 4 simultaneously 
operating coolers each producing this level of vibration. The results indicated that the stability require-
ments for the most sensitive instrument were met by a factor of more than 5. See Section 2.8 of the 
main report for details.

2.1.2 Cryocooler State-of-the-Art
Mechanical cryocoolers at TRL 7+ include Planck (Planck Collaboration, 2011), JWST/MIRI 

(Petach, 2014), and Hitomi (ASTRO-H) (Fujimoto, 2018). Note that while the quoted performance 
of the JT cryocooler on Hitomi was 4.5 K, the actual cooler temperature under full load was 4.3-4.4 
K, so a considerable margin exists on achieving the telescope temperature of 4.5 K. Domestic coolers 
that could achieve 4.5 K are considered to be TRL 4-5, having been demonstrated as a system in a lab-
oratory environment under NASA’s Advanced Cryocooler Technology Development Program (ACT-
DP) (Ross, 2006; Figure 3) or are a variant of a high TRL cooler (JWST/MIRI). The JWST/MIRI 
cryocooler engineering unit was tested with a simple substitution of the rare isotope 3He for the typical 
4He, which produced significant cooling at temperatures below 4.5 K (Petach, private communica-
tion). Mechanical cryocoolers for higher temperatures have already demonstrated impressive on-orbit 
reliability (Ross, 2007; Figure 4). The moving components of a 4.5 K cooler are similar (expanders) 
or are exactly the same (compressors) as those that have flown. Further development of these coolers 
to maximize cooling power per input power (<9000 W/W at 4.5 K) for small cooling loads (50-200 
mW), while minimizing mass, is desired. There is also a need to minimize the exported vibration from 
the cooler system. The miniature reverse-brayton cryocoolers in development at Creare (Breedlove, 
2014) are examples of high efficiency, reliable coolers with negligible exported vibration. These coolers 
are at TRL 6 for 80 K, TRL 4-5 for 10 K, and TRL 3 for 4 K operation.

Figure 2: A comparison of telescope emission (effective emissivity 
= 0.05) vs. sky backgound in the mid to far infrared.
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2.1.3 Advancements Planned to Reach TRL 5 and 6.
The TRL 7 JWST/MIRI cryocooler is designed to cool a primary load at 6.2 K and an intercept load 

at 18 K. It does this using a precooled helium Joule Thompson loop that compresses 4He from 4 to 
12 bar, precools it to 18 K with a three-stage pulse tube cryocooler, then circulates it to a remote heat 
intercept at 18 K and an isenthalpic expander that provides cooling at 6.2 K. The only change required 
to lower the temperature to 4.5 K is to lower the return pressure from 4 bar to 1 bar. To maintain the 
required mass flow, the compressor swept volume must be increased to accommodate the lower density 
of the lower pressure helium, and the pressure ratio must be increased to maintain the pressure drop. 
This can be achieved by upgrading the JT compressor used in the MIRI cooler. One way this can be 
done is by augmenting the existing MIRI JT compressor with a second JT compressor of the same 
design but with larger pistons to act as the first stage in a two-stage compressor.

The Lockheed four-stage pulse tube cryocooler has demonstrated the required heat removal at the 
temperatures required for Origins in a TRL 4 design (Olson, 2005). However, for Origins, 4.5 K is 
required in a location that is remote from the compressor. This will require development of a separate 
4.5 K cooling loop. This could be realized using a HST/NICMOS cooling loop driven by a “fan.”

The Ball Aerospace (Ball) 4.5 K cooler design uses a similar architecture to the NGAS JWST/MIRI 
cryocooler with a Stirling-type displacer (rather than a pulse tube) and a JT with a long loop for remote 
cooling. The Ball design lacks a system-level demonstration to reach TRL 5 (Glaister, 2007).

Creare is currently funded through an SBIR Phase II contract to demonstrate a 4.5 K turbo-expand-
er. This will demonstrate a TRL 4 component of the system and is the lowest TRL component of the 
Creare design. During Origins Pre-Phase A funding the turbo-expander will be combined with other 
components (2 other turbo-expanders, three recuperators and compressors) to attain TRL 5. A TRL-6 
version will be designed as an ETU of the Origins flight coolers.

Creare is developing a 4.5 K stage for its miniature turbine reverse-Brayton cryocoolers under SBIR 
funding. This expansion stage is similar to the one used for a single stage cooler flown on HST/NIC-
MOS and the two-stage 10 K design currently at TRL 5.

Figure 3: Five vendors have developed cryocoolers that have reached TRL 4+ and need only small improvements to meet the Origins 4.5 K 
cooling requirements.

Creare

OriginsFT3
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The Sumitomo Heavy Industries (SHI) 4.5 K cryocooler flown on Hitomi had a lifetime goal of 5 
years. Lifetime is expected to be limited by bearing friction and contamination. Reliability and lifetime 
will be improved by using a non-contacting suspension system (similar to displacers) and by improving 
the cleanliness of the critical internal parts and working fluid. This will extend expected life from 5 to 
10 or more years. This development is in progress at SHI.

2.2 Sub-Kelvin Cooling

2.2.1 Sub-Kelvin Cooling Requirements
The FIP instrument requires: 3 µW of cooling at 50 mK plus 125 µW at 0.6 K for a heat rejection 

temperature at 4.5 K with a heat rejected of 4 mW average.

Figure 4: On orbit mechanical cooler lifetimes.  Almost all cryocoolers have continued to operate normally until turned off at the end of 
instrument life. (Ross, 2007, updated). Note that there are 8766 hours in one year.

Recent Long-Life Space Cryocooler
Flight Operating Experience as of May 2016

Cooler/Mission Hours/Unit Comments
Turn on 7/06, Ongoing, No degradation

8/04 thru 3/14, Instr. failed 2009; Data turned o� 3/14
Turn on 3/6/13, Ongoing, No degradation
3/02 thru 10/09, O�, Coupling to Load failed
Turn on 3/00, Ongoing, No degradation
FM1 (8/10-10/13 EOM); FM2 failed at 10,500 h
Turn on 3/00, Ongoing, Load o� at 71,000 h

Turn on 2/98, Ongoing, No degradation
3/99 thru 3/02, Mission End, No degradation
Turn on 3/00, Ongoing, No degradation
Turn on 12/00, Ongoing, No degradation
Turn on 1/02, Ongoing, No degradation
Turn on 6/02, Ongoing, No degradation
Turn on 8/04, Ongoing, No degradation
4/05 to 12/15, Mission End, No degradation
Turn on 2/09, Ongoing, No degradation
Turn on 4/10, Ongoing, No degradation
Turn on 8/14, Ongoing, No degradation
Turn on 12/14, Ongoign, No degradation

10/91 thru 7/92, Instrument failed
3/99 thru 3/02, Mission End, No degradation
Turn on 3/00, lost one disp. at 10,300 h
Turn on 3/01, Ongoing, No degradation
3/02 to 4/12, No degradation, Satellite failed
3/02 to 4/12, No degradation, Satellite failed
Turn on 10/02, Ongoing, No degradation
Turn on 4/05, Ongoing, No degradation
Turn on 4/10, Ongoing, No degradation
Turn on 3/16, Ongoing, No degradation
5/09 thru 10/13, Mission End, No degradation
Turn on 4/10, Ongoing, No degradation

7/91 thru 3/00, Satellite failed
4/95 thru 2/08, Instrument failed

7/05 thru 4/12, Mission End, No degradation
2/06 to 11/11 EOM, 1 Degr., 2nd failed at 13 kh
10/07 thru 6/09, Mission End, No degradation
Turn on 10/09, Could not restart at 4,500 h

Turn on 2/02, Ongoing, Modest degradation
9/11 to 12/13, Mission End, No degradation
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HEC PT
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RALATSR
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RHESSI

Air Liquide Turbo Brayton (ISS MELFI 190K)
Ball Aerospace Stirling
        HIRDLS (60K 1-stage Stirling)
        TIRS cooler (35K two-stag Stirling)
Creare Turbo Brayton (77K NICMOS)
Fujitsu Stirling (ASTER 80K TIR system(
JPL Sorption (PLANCK 18K JT (Prime & Bkup))
Mitsubishi Stirling (ASTER 77K SWIR system)
NGAS (TRW) Coolers
        CX (150K Mini PT (2 units))
        HTSSE-2 (80K mini Stirling)
        MTI (60K 6020 10cc PT)
        Hyperion (110K Mini PT)
        SABER on TIMED (75 Mini PT)
        AIRS (55K 10cc PT (2 units))
        TES (60K 10cc PT (2 units))
        JAMI (65K HEC PT (2 units))
        GOSAT/IBUKI (60K HEC PT)
        STSS (Mini PT (4 units))
        OCO-2 (HEC PT)
        Himawari-8 (65K HEC PT (2 units))
Oxford/BAe/MMS/Astrium/Airbus Stirling
        ISAMS (80K Oxford/RAL)
        HTSSE-2 (80K BAe)
        MOPITT (50-80K BAe (2 units))
        ODIN (50-80K Astrium (1 unit))
        AATSR on ERS-1 (50-80K Astrium (2 units))
        MIPAS on ERS-1 (50-80K Astrium (2 units))
        INTEGRAL (50-80K Astrium (4 units))
        Helios 2A (50-80K Astrium (2 units))
        Helios 2B (50-80K Astrium (2 units))
        SLSTR (50-80K Airbus (2 units))
        Planck (4K JT using 2 Astrium Comp.)
Raytheon ISSC Stirling (STSS (2 units))
Rutherford Appleton Lab (RAL)
        ASTR 1 on ERS-1 (80K Integral Stirling)
        ASTR 2 on ERS-2 (80K Integral Stirling)
Sumitomo Stirling Coolers
        Suzaku (100K 1-stg)
        Akari (20K 2-stg (2 units))
        Kaguya GRS (70K 1-stg)
        JEM/SMILES on ISS (4.5K JT)
Sunpower Stirling
        RHESSI (75K Cryotel)
        CHIRP (CryoTel CT-F)
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The OSS instrument requires: 3 µW of cooling at 50 mK plus 125 µW at 0.6 K plus 500 µW at 1.6 K 
for heat rejection temperature of 4.5 K and a heat reject power of 8 mW average. These cooling powers 
are the current best estimates (CBE) from the up-scoped design for these instruments (Origins Mission 
Concept Study Report, Section 3). The cooling required is over and above any internal sub-Kelvin cooler 
requirements and inefficiencies. For the baseline designs (Origins Mission Concept Study Report, Section 
3), the requirement for low temperature heat lift will be lowered by almost a factor of 2. It is also required 
that the sub-Kelvin cooler capability would provide a factor of 2 margin for the baseline design. In other 
words the sub-Kelvin coolers must be capable of providing 6 µW of cooling at 50 mK and 250 µW of 
cooling at 0.6 K. Superconducting detectors and their readout systems are very sensitive to small/time 
varying magnetic fields. Typically, a detector package will provide its own shielding to deal with external 
fields on the order of 30 µT, so the magnetic field generated by the sub-Kelvin cooler must be <30 µT. 

2.2.2 Sub-Kelvin State-of-the-Art
For detector cooling to 50 mK, adiabatic demagnetization refrigerator (ADRs) are currently the 

only proven technology, although some work has been funded by ESA to develop a continuously re-
circulating dilution refrigerator (DR). A single shot DR flown on Planck produced 0.1 µW of cooling 
at 100 mK for ~1.5 years (Collaudin, 1999; Planck Collaboration, 2011), while a three-stage ADR 
used on Hitomi produced 0.4 µW of cooling at 50 mK with an indefinite lifetime (Shirron, 2015). 
The Origins temperature stability requirement at the 50 mK stage (2.5 µK rms over 10 min) is similar 
to that of Hitomi. The Hitomi design and temperature readout system easily meet (<0.4 µK rms) this 
requirement (Figure 5). 

2.2.3 Advancements Planned to Reach TRL 5 and 6.
In contrast, a TRL 4 Continuous ADR (CADR) has demonstrated 6 µW of cooling at 50 mK 

with no life-limiting parts (Shirron, 2002). This technology is currently being advanced toward TRL 
6 by 2020 through SAT funding (Tuttle, 2017; Figure 5). Demonstration of a 10 K upper stage for 
this machine, as is planned, would enable coupling to a higher temperature cryocooler, such as the 
one produced by Creare, that has a near-zero vibration technology (Breedlove, 2014). The CADR is 
modular and allows additional continuous cooling at other temperatures. It can be configured as the 
base four-stage design, producing 6 µW of cooling at 0.05 K, with one or two additional stages to 

Figure 5: Left: Laboratory Continuous ADR (CADR) provides 6 µW of cooling at 50 mK, Center: CADR under development at NASA will pro-
vide 6 µW of cooling at 50 mK and also has a precooling stage that can be operated from 0.3 to 1.5 K.  The drawing shows a notional enclosing 
magnetic shield for < 1 µT fringing field. Overall dimensions are 445 mm tall by 225 mm diameter.   Right: ADR Controller flown on Hitomi. 
The Origins CADR will use duplicates of the controller cards and temperature readout cards from this.

OriginsFT5
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provide additional cooling at higher temperatures. The design includes a surrounding magnetic shield, 
resulting in less than 1 µT external field. The large gray pill-shaped structure in Figure 5 is the notional 
magnetic shield and will easily meet the requirement.

The CADR design is aided by software that accurately simulates its operation. This allows users to 
vary salt pill sizes, materials, operating temperatures, magnetic field strengths, and heat switch conduc-
tances to approach an optimum design. The CADR for the Origins/FIP instrument, shown schemat-
ically in Figure 6, will include five stages made of elements nearly identical to those used in the new 
2019 CADR. The CADR for the Origins/OSS instrument will have an additional two stages, similar to 
stages 4 and 5 (not shown), to provide 1 mW (factor of 2 higher than requirement) of cooling at 1.3 K. 
The first and third stages will remain continuously at 0.05 and 0.6 K, respectively. The fourth stage 
cools to absorb heat from the second and third stages on alternate cycles. Each stage cycles between 
maximum and minimum magnetic field in ~20-30 min.

The five Origins ADR stages use two different magnetocaloric materials: gadolinium-lithium-fluo-
ride (GLF) and chrome-potassium-alum (CPA). Performance of these materials in an actual ADR are 
well understood and accurately modeled. Based on the design study, the two cooling power values are 
100% higher than the corresponding heat load predictions.

The flight control electronics for this ADR is based on the flight-proven Hitomi ADR controller, 
and has achieved TRL 6 by employing the same cards used in the Hitomi flight unit (Figure 4).

The CADR components are modular, so the CBE design (Figure 4) may be easily rearranged to better 
conform with volume constraints. Heat straps shown exiting the magnetic shield are notional and a pen-
etration that prevents fringing magnetic field from reaching the outside of the shield is underway. This 
notional CADR design has an estimated mass of 21 kg, including 9 kg for the outer magnetic shield.

The electronics box (Figure 5) includes eight thermometry channels per card, with adjustable exci-
tation and resolution that provides complete temperature readout for the host instrument, as well as 
CADR control.

2.3 Cryocooler Schedule and Cost
Top-level schedules for the 4.5 K cryocooler and the sub-Kelvin cooler technology development are 

provided Figures 7a and 7b, respectively. We expect to perform Task 1 in Figure 7a similarly to the way 
the Advanced Cryocooler Technology Development Program (ACTDP) was executed, with several 
vendors sharing a total funding of about $10M per year over a 4-year span. This effort will conclude 
in 2025 with a single vendor selected to qualify the TRL 5 cooler to TRL 6 during Phase A at a cost 
of $2.5M per year.

Figure 6: A schematic representation of the FIP and OSS CADRs. The ADR stages are synchronized to move heat from the 50 mK and 0.6 K 
stages to the 4.5 K stage, where it is lifted by the 4.5 K cryocooler(s). Salt pill operating temperature range is indicated. The average cooling 
power for each continuous stage and heat rejection to the sink are indicated in red, as they called out in instrument requirements.
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As shown in Figure 7b, the CADR development is broken into two Tasks. Task 1 is an extension 
of the ongoing 10 K to 0.05 K SAT effort with the following changes: The 10 K to 4 K stages will be 
eliminated from the design. A 4.5 K ADR stage will be directly connected via a mounting plate and 
thermal strap to a 4.5 K cryocooler. A 0.6 K continuous stage will be added to the design to provide 
an intermediate heat sink as shown in Figure 6. This 0.6 K stage will have its own thermal strap, along 
with a strap to the 0.05 K stage, extending out of the magnetic shield to be connected to a 0.6 K heat 
station or to the 0.05 K detector arrays. Design, fabrication, assembly, and test will lead to a TRL 6 
level version of the 50 mK CADR. 

Task 2 will be implemented to aid in achieving the required NEP on the Far IR detector arrays. The 
CADR from Task 1 will be modified to allow higher cooling power at lower temperature. The TRL 4 
unit shown in Figure 5 demonstrated continuous cooling of 1.5 µW at 35 mK. In Task 2 the system 
will be redesigned to handle 6 µW of load at 35 mK to meet Origins requirments. At the end of Task 2, 
this lower temperature CADR will be qualified to TRL 6. If it is not necessary to improve the detector 
NEP by lowering the operating temperature, Task 2 becomes margin on the Task 1 developments.

3 - FAR-INFRARED DETECTORS FOR OSS AND FIP
Unlike the near-IR and mid-IR detector arrays, far-IR to millimeter-wave detectors suitable for 

astrophysics and cosmology have not yet identified a commercial application and hence development 
efforts are led by science-driven teams. These groups are typically centered at NASA or national agen-
cies in Europe and Japan, and often include close collaboration with universities. This approach has 

Figure 7: (a, top) The 4.5 K cryocooler and (b, bottom )sub-Kelvin cooler for Origins can be raised to TRL 6 before Origins instrument PDR 
in 2027. 

PY27
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Task 1 - Demonstrate Sub-Kelvin Cooler at 50 mK and 6 µW
Design 5-stage 50 mK CADR Pass peer review
Procure, fabricate, assemble 50 mK CADR TRL 6 Pass peer review
Test 50 mK CADR Pass Project review

Task 2 - Extend range down to 35 mK (as needed to aid in detector TRL) TRL 6
Modify 50 mK CADR for 35 mK operation Pass Project review

Reporting

Success Criteria

Pre-Phase A Phase A

Tasks PY21 PY22 PY23 PY24 PY25 PY26

KDP BKDP A
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Tasks by company
Ball Aerospace
    Task 1 - SC235E pre-cooler update and fabrication Pass peer review
    Task 2 - J-T cooler update and fabrication Pass peer review
    Task 3 - CCE Update Pass peer review
    Task 4 - cryocooler soft mount design update TRL 5 Pass peer review
    Task 5 - TVAC and performance testing Pass Project review
    Task 6 - Performance update and validation Pass peer review
    Task 7 - CCE brassboard fabrication Pass peer review
    Task - TVAC performance test and verification Pass Project review

Creare, LLC
    Task 1 - Mature lowest TRL component to TRL 4 (in progress) TRL 5 Pass peer review
    Task 2 - Build, integrate and test brassboard cryocooler Pass Project review
    Task 3 - Build, integrate and test EM cryocooler to TRL 6 Pass Project review

Lockheed-Martin
    Task 1 - Design cold-head electronics and circulator Pass peer review
    Task 2 - Procure and partially assemble TRL 5 Pass peer review
    Task 3 - Assemble and test prototype cold-head electronics and circulator Pass Project review
    Task 4 - Update EDU design and begin procurement Pass peer review
    Task 5 - Build, test and qualify EDU cooler to TRL 6 Pass Project review

Northrop-Grumman
    Task 1 - Design multi-stage compressor for J-T stage Pass peer review
    Task 2 - Procure and fabricate parts TRL 5 Pass peer review
    Task 3 - Integrate parts and test (EDU) Pass Project review
    Task 4 - Mature design and procure for TRL 6 (ETU) Pass peer review
    Task 5 - assemble and test Pass Project review

TRL 6
Downselect for TRL 6 development Select according to TBD criteria

Reporting

Success Criteria

Pre-Phase A Phase A

Tasks PY21 PY22 PY23 PY24 PY25 PY26

KDP BKDP A
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produced the sub-K direct detectors used on the 
Herschel and Planck missions, as well as those now 
flying on SOFIA.

Excellent reviews of detector technologies in-
clude Richards (1994), Zmuidzinas and Richards 
(2004), Irwin and Hilton (2005), Zmuidzinas 
(2012), Farrah (2017), and Mauskopf (2018). The 
semiconductor bolometer (Schultz et al., 2008) 
and photoconductor detectors (Birkmann et al., 
2004; Rieke et al., 2004) used for previous space 
missions, including Herschel and Spitzer, have been 
replaced by superconducting detectors. However, 
multiplexing constraints for the readout of a large 
number of detectors requires the use of new types 
of superconducting detectors. The most mature types of those are the Transition-Edge-Sensed (TES) 
bolometers and the Kinetic Inductance Detectors (KIDs). However, other technologies are currently 
being explored, for example the quantum capacitance detector (QCD), which has a lower TRL but the 
capability for photon counting (Echternach et al 2018). A more comprehensive description of detector 
needs for FIR space missions is detailed in Staguhn (2018).

The detectors for Origins’ OSS and FIP instruments require development to meet the requirements 
listed in Table 2. Arrays capable of taking advantage of the cryogenic telescope’s low-background and 
performing dispersed spectroscopy must be substantially more sensitive and larger than any that have 
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Figure 8: (top left) The past decade has 
shown the steady progress of far-IR detector 
technology toward larger, more sensitive ar-
rays. The number of pixels is the total number 
needed for the missions, however, these pixels 
maybe realized in a number of smaller arrays.  
Origins/OSS captures the requirements for Or-
igins, and of these demonstrations, SpaceKIDs 
are the closest in this 2D metric. (BLAST-TNG: 
Lourie et al., 2018; CIT/JPL/CU APRA: Hai-
ley-Dunsheath et al., 2018b; FIFI+LS: Fischer 
et al., 2018; GEP-I, GEP-S: Glenn et al., 2018; 
GISMO: Staguhn et al., 2006; HIRMES: Rich-
ards et al., 2018; MAKO: Swenson et al., 2012; 
McKenney et al., 2012; NIKA2: Adam et al., 
2018; OLIMPO: Masi et al., 2019; PACS: Po-
glitsch et al., 2010; SAFARI-p: Hijmering et al., 
2016; SAFARI: Audley et al., 2018; SCUBA2: 
Holland et al., 2013; SPACEKIDs: Baselmans 
et al., 2017; SPIRE: Griffin et al., 2010; SSPEC: 
Redford et al., 2018; STARFIRE-p: Barlis et al., 
2018; Hailey-Dunsheath et al., 2018a; STAR-
FIRE: Aguirre et al., 2018; TolTEC: Austermann 
et al., 2018.) Credit: J.Zmuidinas
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Figure 9: (bottom left) Detector speed re-
quirements for photon vs sensitivity. Credit: 
J.Zmuidinas

Table 2: Origins Far-IR Detector Requirements
Parameter Value

Wavelength Range 25–600 μm (6 bands in OSS)
NEP 3 x 10-19 (FIP) to 3 x 10-20 (OSS)
Saturation 5 Jy @ 128 μm
Speed < 10 ms
Array Size 1 kilopixel + mosaicking to ~104

Optical Efficiency >70%
Mux Density >500 / GHz
Yield >70%
Stability NEP down to 0.1 Hz
Crosstalk < -10 dB peak; < -3 dB integrated
Cosmic Ray Dead Time < 10%
Dynamic Range >1000
Pixel Pitch 0.5 mm (short λ) to 1 mm (long λ)
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been used scientifically to date. Moreover, the Origins sensitivity requirements are not levied by even 
the most ambitious possible ground-based or sub-orbital platforms. Thus, the situation that played 
out for Herschel and Planck, for which the Boomerang balloon experiment was an important step-
ping stone, will not work fully for Origins. There are funded far-IR instruments for a balloon (TIM, 
previously STARFIRE) and SOFIA (HIRMES) maturing over the next few years, and these will help 
mature some of the new readout and system-level aspects, but demonstrating the Origins sensitivities 
at array scale requires a dedicated program.

In terms of format, OSS has a total of 60,000 pixels in the six arrays, with a potential upscope to 
120,000, a factor of ~15-30 more than was fielded in Herschel, so new readout schemes must be em-
ployed. As illustrated in Figures 8, 9, and 10, existing demonstrations have shown that appropriate 
sensitivities can be obtained, and array formats in the 104 pixel range are within reach, since current 
technologies can be tiled. Readout electronics development is described in Section 3.2.

Currently, NASA’s far-IR detector development work is supported through the grants program, and 
in some cases, internal investments from NASA Centers (primarily JPL and GSFC). Both provide 2-3 
years of support for small teams, typically ~1 full-time-equivalent (FTE) divided between design, fab-
rication, and testing. This program can be effective for initial, single-pixel demonstrations; a good ex-
ample is the quantum capacitance detector development at JPL, supported initially as a JPL Research 
&Technology Development, then matured with a 3-year NASA grant. However, this grants program 
cannot support maturation of any detector array to the point at which it could be proposed for flight. 
Even Strategic Astrophysics Technology (SAT) grants, though they can have slightly larger budgets 
(up to 3 FTE), carry at most a 3-year term, which is insufficient to engage a team and the necessary 
infrastructure, develop expertise, and accomplish the range of tasks required.

A dedicated far-infrared detector program for Origins’ FIP and OSS instruments will provide a 
strategic NASA investment outside of the grants program. This program will focus on fabrication of 
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far-infrared detector arrays that meet the technical requirements of the OSS and FIP instruments and 
programmatic needs of the Origins mission. Origins' strategy for developing far-infrared detectors is to 
pursue two technology paths, TES bolometers and KIDs, and to also fund promising lower TRL tech-
nologies such as the quantum capacitance detectors with ~20% of the program budget. This approach 
is chosen to mitigate mission risk of inadequate detector development in time for mission implemen-
tation. Unlike a traditional grant-based program, we will implement a review and progress assessment 
program, so that a technology that meets Origins requirements can be chosen as early as possible. For 
example, if during the initial phases of the program, one of the lower TRL technologies takes off and 
appears more likely to achieve the requirements than KIDs or TES bolometers, then resources can 
be redirected to maturing that technology. The Origins roadmap shows a credible path using the two 
NASA Centers already focusing on far-IR detectors: JPL (KIDs) and GSFC (TES). These Centers 
offer key aspects not available at universities: integrated fabrication capabilities, critical mass of exper-
tise with long-term researchers, and, importantly, sufficient experience in managing large projects to 
ensure steady progress toward the milestones. 

The Origins team envisions this development as a collaboration with other US labs, universities, and 
international groups.

3.1 Transition-Edge-Sensed (TES) Bolometers

3.1.1 TES Foundations
A Transition Edge Sensor (TES) is a superconducting device deposited on a thermally well-insulat-

ed membrane with an absorber that converts the incoming radiation into heat. Irwin (1995) realized 
that such a device, if voltage biased, acts as a self-regulating bolometer, since over a wide range of bias 
currents and radiation loads, it will remain on the superconducting transition. When infrared radiation 
is absorbed in the bolometer and converted to heat, warming the detector of heat capacity C above its 
nominal temperature, Tbias occurs (Figure 11). This temperature change will result in a resistance change, 
which is measured electrically with Superconducting QUantum Interference Devices (SQUIDs) (Cher-
venak et al., 1999) that measure the change in current through the device due to the resistance change. 
As a consequence of the increased resistance, the dissipated Joule heat is reduced by exactly the amount 
of the heat dissipated by the photons, leaving the device on its transition. This effect is called “elec-
trothermal feedback.” The heat is conducted away 
through a thermal conductance, G, to a heat sink 
at Tbath. A superconducting transition at tempera-
ture TC yields an extremely sharp but continuous 
change in resistance from near zero to the normal 
state resistance (Figure 12). 

The response time of a bolometer is typically the 
thermal time constant, t=C/G. However, TES bo-
lometers can be faster than this due to the electro-
thermal feedback. When biased onto the transition, 
power is dissipated in the thermistor as P=V2/R.

When optical power is applied, the thermistor 
warms up, increasing its resistance. The bias pow-
er drops (since the bias voltage is held constant), 
bringing the TES back toward the stable bias 
point. The measured change in current is then pro-
portional to the Photon Energy deposited in the 
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Figure 11: Operation of a TES bolometer.
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absorber. This is true over the entire range of the 
TES, making it a very linear device. (To be precise: 
this is only true if the TES is really voltage biased; 
also, the small temperature increase over the transi-
tion (Figure 12) adds a second order term, but this 
value is very small and easily calibrated).

The effective time constant is then approxi-
mately teff=tn/a, where n is the temperature index 
of the thermal conductance. Additionally, at low 
frequencies ((ωteff)2 <<1), the Johnson noise is 
suppressed through the action of the electrother-
mal feedback by a factor of (n/a)2. The end result 
is that the intrinsic noise of a TES bolometer is 
typically dominated by the phonon noise alone.

Superconducting transitions can be tuned to 
the desired temperature in several ways. To pro-
duce a thermistor with a tunable TC and a known 
resistance, superconducting-normal bilayers are manufactured. The transition temperature of other 
materials, such as AlMn, can be tuned by their thickness. Both methods have been used successfully.

3.1.2 TES State-of-the-Art
TES detectors are TRL 4 (Figures 13 and 14). In terms of noise performance, the state-of-the-art of 

laboratory ultra-low noise TES detectors were built at SRON (Figure 15). The group has demonstrat-
ed individual TES pixels with NEPs in the low 10-19 W/√Hz. The best performance SRON recently 
published comes from an ultra low noise (NEP=1×10-19 W/√Hz) TES with a time constant of <1 ms 
(Suzuki et al., 2016).

Figure 12: left: Resistance as a function of temperature for several devices of slightly different bilayers, resulting in different transition tem-
peratures. right: Voltage-current characteristic of an ideal superconducting transition edge sensor (solid line) compared with measurements 
from a detector (points).
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3.1.3 Theoretical Predictions for Current TES Technologies
Thermal isolation of TES bolometers is generally achieved by increasing the lengths of the beams 

suspending the bolometer membrane. The state-of-the-art performance of the SRON TES pixel in 
Figure 15 is a product of this approach. As shown in Figure 16, scaling the performance of an SRON-
like TES pixel to a lower bath and critical temperature suggests a path exists for meeting Origins/OSS 
requirements. The models in Figure 16 also indicate that achieving increased thermal isolation of a 
bolometer can significantly relax the requirements on the cryogenic system. 

Below 100 mK, the phonon thermal wavelength exceeds 1 µm in silicon nitride (and single-crystal 
silicon) beams. Thus, sub-micron features etched in a dielectric beam can serve to reduce the phonon 
thermal conduction with a coherent phonon filter structure. The natural outcome of a phononic 
structure is compactness, which is extremely desirable for achieving a high pixel filling-fraction in a 
photon-starved instrument. An additional advantage of a phononic filter is the reduced sensitivity of 
the conductance to variations in surface conditions (e.g., roughness). These properties enable a viable 
path for producing uniform ultra-low-noise TES bolometers for Origins. As currently studied at GSFC 
(PI Karwan Rostem), using a device suspended with legs that have phononic filters, a TES critical tem-
perature of 90 mK would be sufficient to meet the required OSS detector sensitivities.

Figure 14: The SOFIA HAWC instrument 
uses three 1280-pixel Backshort-Un-
der-Grid TES bolometer arrays developed 
at GSFC (Staguhn et al., 2016). The inset 
(right) shows HAWC+ polarimetry data 
obtained on the Orion molecular cloud.

Figure 15: Left: Test array of TES bolometers produced as part of the detector development program for the SRON-led SAFARI/SPICA in-
strument. Right: Close-up of a single pixel showing the silicon nitride thermal suspension, 8 nm tantalum film used as the optical absorber, 
and 50 x 50 μm2 TiAu TES.
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The design and fabrication of phononic filter 
isolation beams is currently implemented through 
an APRA program (Rostem et al.), and described 
in detail by Rostem et al., 2016, Bartlett et al., 
2019, and Olsson et al. (2015). This small effort 
has led to a greatly improved understanding of 
phonon transport at low temperatures and a leap 
in phononic filter design and fabrication. As shown 
in Figure 16, the NEP requirement for OSS can be 
achieved with a phononic-isolated TES bolometer 
at ~90 mK with a 50 mK bath temperature. The 
test pixel structure fabrication described in Olsson 
et al. (2015) suggests scalability to 104 pixel arrays 
is possible and well matched to standard techniques 
employed in electron-beam lithography.

3.1.4 TES Challenges
To construct TES detectors that enable FIP and 

OSS performance requires designing and fabricat-
ing detectors that obtain high sensitivity and high 
pixel count simultaneously with high yield and 
uniformity across the wavelength range of inter-
est. Fortunately, the sensitivity and format are separable problems, and in the last few years, solutions 
have been demonstrated in the laboratory. Four steps to making these new detectors are:
1.	 Design and fabricate a single pixel at the sensitivity needed for FIP.
2.	 Design and fabricate a single pixel at the sensitivity needed for OSS.
3.	 Design and fabricate an array 1/3 the size needed for FIP with sensitivity required by FIP.
4.	 Design and fabricate an array 1/3 the size needed for OSS with sensitivity required by OSS.

3.1.5 TES Development Plan
Superconducting transition-edge-sensed (TES) bolometers are high heritage and have demonstrated 

NEPs as low as 1×10−19 W Hz−1/2 at JPL and SRON. Attaining lower NEPs is possible in two ways: ei-
ther base temperatures must be reduced from the canonical 50 mK (a reduction to 35 mK is discussed 
in Section 3.1.3) and/or the leg isolation needs to be improved, for example, with phonon-choke 
micro-fabricated structures studied in an APRA program at GSFC (Rostem et al.). A principal disad-
vantage of TES systems, particularly for the formats required for OSS, is the complexity of focal plane 
assembly for TES systems, in particular hybridization with superconducting quantum interference 
devices (SQUIDs), typically one per detector. An ongoing SAT project (Staguhn et al.) is aimed at 
simplifying this process. A key TES technology development is to demonstrate this hybridization at 
the scale needed for Origins. Section 3.2 describes the readout electronics technology development 
required that is scalable to large array sizes for TES.

To push the TES bolometers to the much-lower Origins sensitivities, and to larger array sizes, re-
quires a dedicated program between 2021 and 2025:
1.	 Task 1 (Year 2021): Develop extremely dark test environments for the FIR detectors. This task 

requires very thorough test cryostat design. All electrical signal lines going into the cryostat must 
be RF filtered to prevent miniscule amounts (less than one zepto-Watt) of electromagnetic power 
from being transmitted to the test packages. Vibrational energy also must be kept away from the 

Figure 16: Sensitivity (NEP) plots for TES bolometers for various 
thermal isolation structures. At a bath temperature of 35 mK, a SRON 
type detector with TC of 55 mK provides a viable path for achiev-
ing OSS sensitivity by reducing the bath temperature, which can be 
done with current ADR technology (Section 2.2). 
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detectors, so sophisticated vibration insulation (e.g., stiffness-controlled suspensions, eddy-current 
dampers) is mandatory. The team will avoid introducing thermal radiation from any surface by 
keeping the temperatures of all structures in the detector FOV below 2 K and, based on a surface’s 
position and temperature, by using extremely black surfaces in combination with highly reflective 
ones. Extremely low dissipation cryogenic readout systems, with as many dissipationless compo-
nents as possible, in well-shielded electronics boxes are also required. Multi-stage magnetic field 
shielding elements are also essential.

2.	 Task 2 (Year 2021): Design and fabricate a single TES pixel that meets the FIP NEP requirement, 
<10-19 W/Hz-1/2. Test the single pixel in the new cryostat environment.

3.	 Task 3 (Years 2021 and 2022): Design and fabricate a single TES pixel that meets the OSS NEP 
requirement, <3×10-20 W/Hz-1/2. Test the single pixel in the new cryostat.

4.	 Task 4 (Years 2022, 2023, and 2024): Design and build arrays based on the single pixels that meet 
FIP NEP requirements and have multiplexing scalable to Origins requirements, 1000 pixels per 4 
GHz of readout band, and at least 80% operability.

5.	 Task 5 (Years 2023 and 2024): Integrate the microwave multiplexed readout at FIP array size.
6.	 Task 6 (Years 2024 and 2025): Design and build arrays based on the single pixels that meet OSS 

NEP requirements and have multiplexing scalable to Origins requirements, 1000 pixels per 4 GHz 
of readout band, and at least 80% operability.

These performance demonstrations will qualify the devices as TRL 5. The team will then perform 
subsequent environmental testing, primarily vibration and cosmic ray testing, in 2026 and 2027, to 
meet TRL 6 by the end of 2027.

3.2 Cryogenic Readout Electronics for TES bolometers
Creating the large TES FIR arrays needed for the Origins instruments will require readout electron-

ics development. The electronics on the warm spacecraft side are similar to those required for the KIDs 
and QCDs, and this aspect benefits from rapid development for industrial and military stakeholders 
and is described separately below (Section 3.5). Among the 3 far-IR detector technologies, the TES 
bolometers have unique requirements in the cold focal plane – specifically the TES bolometers require 
cold amplification with a SQUID at or near the focal plane. This aspect must be incorporated into a 
multiplexing circuit, and three approaches will be considered in the first two years of the development 
schedule to identify the best path forward for the TES readout electronics. The state-of-the-art and 
development needs for each type of readout electronics are detailed in Sections 3.2.1, 3.2.2 and 3.2.3. 
The readout electronics operate at the cold temperatures of the instruments.

3.2.1 Direct Microwave Multiplexing
In this approach, TES resonators are coupled to a corresponding microwave resonator circuit of a 

specific frequency (Figure 17). The resonators are connected in parallel over a shared transmission line. 
The signals from each are thus frequency-division-multiplexed (FDM) over a 4 GHz bandwidth and 

Figure 17: TES to Microwave Resonator 
coupling.

TES

SQUID
SQUID TES

ResonatorResonator

HEMT Amp.HEMT Amp. FeedlineFeedline

Z0

Z0

CC CC

LLLL

LMWLS LJ
aLS

LJ

Z0

Z0

Z0Z0

M

Min

Min

(a) (b)

(1-a)LS

OriginsFT17



Vol 2-16From First Light to Life

spaced evenly in frequency to occupy the full bandwidth. The resulting RF signal occupies 4 to 8 GHz 
in the microwave spectrum, commensurate with the bandwidth of a single HEMT cryogenic amplifi-
er. Current research has demonstrated up to 2000 microwave resonators occupying 4 GHz bandwidth 
can be effectively read out by warm electronics that are akin to a communications system or radar re-
ceiver. Readout involves down-converting the 4 GHz FDM signal, digitizing it, and applying a digital 
filterbank to isolate the TES signals at each resonant frequency (Figure 18). The TES signals are then 
acquired, coherently averaged, and passed to a C&DH system where telemetry operations packetize 
and transmit the resulting data. Using this methodology, the TES array only requires a small set (~10 
or fewer) of DC bias current signals for the entire array and a slow (~100 Hz) common flux-ramp 
modulation signal to linearize the detector array.

A microwave multiplexed TES readout where each TES has its own microwave resonator is the least 
bandwidth-efficient packing approach, but the one with the highest TRL; it has been demonstrated 
in the lab (https://www.xilinx.com/products/silicon-devices/soc/rfsoc.html) and has the lowest complexity. 
Since ~2000 resonators fit within a 4 GHz processing bandwidth, and ~10,000 resonators need to be 
read, a total of five RF signals need to be connected to corresponding HEMT amplifiers and transmit-
ted downstream for signal processing.

The two detector arrays of the upscoped FIP design are combined into a set of two 4 GHz band-
width RF signals. These signals are down-converted and split into four 2 GHz bandwidth signals. 

A new enabling technology developed by Xilinx Inc. is the RF System-on-Chip (RFSoC). This key 
technology combines eight 4 GSPS RF-Sampling ADCs, eight 6.4 GSPS RF-Sampling DACs, a quad-
core ARM-A9 microprocessor, and Xilinx Ultrascale+ digital logic into a digital chip. At 200 MHz, 
this chip utilized ~30 W. The FIP RF signals are all sampled and processed simultaneously by a single 
RFSoC. The detector feedback and row current signals used to control the TES arrays can also be 
controlled by the RFSoC and a combination of digital electronics on the same board. In 2017, Xilinx 
demonstrated this technology in a related environment. Bringing this technology from TRL 3 to TRL 
5 will require additional investment.

3.2.2 Hybridized Time-Frequency Division Multiplexing with Microwave Multiplexing
In this approach, an entire array of TES elements is coupled to a single microwave squid multiplexer 

rather than to just a single TES element (Figure 19). In theory, a 32-TES array using Time-Frequency 
Division Multiplexing (TDM) can be coupled to a single resonator circuit that is read out in a man-

Figure 18: Block diagram showing the flow of signals from the detectors on e.g. FIP to the warm electronics on Origins.
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ner similar to microwave kinetic inductance detectors. Resonators are spaced evenly over the 4 GHz 
bandwidth, and each acts as a carrier that modulates an entire TDM array that is coupled to it. This 
method is lower-TRL, yet more frequency efficient because TES element packing increases by a factor 
of the array size times the number of resonator elements. Comparing to just 2000 TES in the direct 
microwave multiplexed scheme, the hybridized method can carry 32 x 2000 = 64,000 TES signals in 
the same amount of bandwidth, with every TES array employing the same TDM scheme. This method 
has a higher complexity because it requires not only bias currents, but row-address modulating cur-
rents that control TDM for all 2000 arrays, as well as resonator demodulation signal processing. So 
while bandwidth packing efficiency is superior in this scheme compared with direct TES coupling to 
microwave MUXes, hardware complexity is higher to accommodate the additional current signals, and 
processing complexity is also higher because every TDM array must now be read out simultaneously 
while demultiplexed in frequency. Since the OSS instrument requires many more TES pixels than FIP, 
it is recommended to use this methodology for readout for this instrument. 

3.2.3 Code Division Multiplexing and Frequency Division Multiplexing Variants
Code Division Multiplexing (CDM) is a very promising technology. Using CDM, the same TDM 

row address current signals used for TDM of TES array elements can be used to read out TES elements 
simultaneously as opposed to serially. This method requires modulating the currents using Walsh-Had-
amard encoding for every row address signal. If the Walsh matrix used for encoding is set to the identi-
ty matrix, this method is identical to TDM. Otherwise, multiple TES rows are read out simultaneously 
by decoding the resulting signal using an inverse Walsh matrix.

Conceivably, CDM is also compatible with microwave multiplexing, as described in Section 3.2.2. 
CDM has the highest complexity, but also offers the densest packing of TES elements while ameliorat-
ing the noise penalty incurred as the number of TES elements grows in the array.

Figure 19: Hybridized Time-Frequency Di-
vision Multiplexing scheme.
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3.3 Kinetic Inductance Detectors

3.3.1 Foundations: Physics of Photon Detection
In contrast to TES s, which operate at the superconducting transition temperature TC, kinetic in-

ductance detectors (KIDs) operate at temperatures well below TC. In KIDs, almost all conduction 
electrons in the material are in the form of Cooper pairs. In contrast to ordinary electrons in a normal 
metal, Cooper pairs do not suffer scattering and can therefore carry current with no dissipation, lead-
ing to the phenomenon of superconductivity. 

Superconductivity has a limited frequency range. The pairs have a binding or “gap” energy of Eg, corre-
sponding to a photon frequency of ng. This “gap frequency” is the minimum energy required for a photon to 
break a Cooper pair (Figure 20 left). At frequencies below , a single photon cannot break a Cooper pair, so 
the material cannot efficiently absorb energy and thus behaves as a superconductor. However, for frequencies 
above νg, the material can readily absorb energy and behaves as an ordinary (dissipative), normal metal.

KIDs make use of both of these behaviors. As illustrated in Figure 20 (center), a simple meandered 
thin-film superconducting trace can serve as an efficient radiation absorber for frequencies above the 
gap, ng, provided the area filling factor and normal-state sheet resistance of the superconductor are 
chosen appropriately. Simultaneously, the meander behaves as a low-loss superconducting inductor for 
frequencies below the gap, ng. For an ordinary inductor, the stored energy is given by 1/2 LI2, where 
I is the current. For a KID, the inductance L has two components: the ordinary magnetic inductance 
corresponding to energy in the magnetic field, and the kinetic inductance corresponding to the kinetic 
energy of the Cooper pairs carrying the current. Like the energy in the magnetic field, the kinetic ener-
gy represents stored energy that can be recovered because the pairs do not scatter and the kinetic energy 
is not lost. By combining the meandered inductor with a simple interdigitated capacitor (Figure 20), 
an LC circuit is formed whose resonant frequency is given by w-1/2. The resonance can be very sharp 
(high Q) because the inductor is superconducting and has low loss. 

Because the kinetic inductance derives from the motion of Cooper pairs, it is sensitive to the pair den-
sity. Meanwhile, absorption of above-gap radiation causes breaking of Cooper pairs, which reduces their 
density and increases the kinetic inductance. In turn, the increased kinetic inductance causes the resonance 

Figure 20: Left: photon energy absorbed by a superconductor leads to breaking a Cooper pair (C) into single electrons. This process occurs 
when the photon energy exceeds the binding energy of a Cooper pair. As illustrated, this process is analogous to photon absorption in a semi-
conductor, where the photon energy must exceed the bandgap. Center - close-up of a simple KID pixel consisting of a meandered inductor 
(L) that doubles as a radiation absorber and an interdigitated capacitor (CIDC). These form an LC resonant circuit that is weakly coupled to 
a common readout line. Right: the 1 GHz resonant frequency of this KID pixel shifts downward in response to the intensity of the radiation. 
The curves show measured data for a KID illuminated with blackbody radiation passed through a λ=200 μm bandpass filter. The intensity is 
controlled by the blackbody temperature, which was varied from 10 K to 40 K. A 10 kHz shift represents a fractional change of 10 kHz/1 GHz 
= 10-5. Credit: P. K. Day, JPL.
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frequency to shift downward. This is the fundamental detection mechanism for KIDs, and is illustrated 
using experimental data in Figure 20 (right). Breaking of pairs increases the density of single electrons, 
which do scatter, increasing the resistive dissipation. This broadens the resonances and reduces their depth.

The narrow resonance produced by a single KID leads to the simple scheme for frequency-domain 
multiplexing shown in Figure 21. The capacitor geometry is adjusted so each KID has a unique reso-
nance frequency. The readout electronics generate a superposition of frequencies to excite the array, and 
then separate these frequencies in the output signal from the array to isolate the response of individual 
pixels. This task is now tractable as a result of advances in electronics, especially digital signal process-
ing using FGPAs. Figure 22 shows an example of KID readout electronics, a submillimeter-wavelength 
KID camera, and an astronomical image taken with KIDs.

3.3.2 KID State-of-the-Art
Kinetic Inductance Detectors (KIDs) are TRL 4. They have been demonstrated on the ground at the 

Caltech Submillimeter Observatory (Swenson et al., 2012) and IRAM 30 m (Catalano et al., 2018) 
telescopes. New instruments soon to be in the field include the TolTEC millimeter-wave camera (Aus-
terman et al., 2018) and the BLAST-TNG balloon experiment (Lourie et al., 2018). Higher sensitivity 
KID arrays are funded for balloon-borne spectroscopy on TIM (formerly STARFIRE; Figure 23, 
Aguirre and collaborators). In addition to these instruments, the European consortium SPACEKIDs 
development program (Baselmans et al., 2017) has funded KID development, explicitly targeting the 
very high sensitivity (low NEP) of space. Of the existing demonstrations (Figure 10), SPACEKIDs 
(Baselmans et al., 2017) is the closest to meeting Origins’ sensitivity requirements (Tables 2 and 3). 
The SPACEKIDs devices (Figure 24) already meet the NEP needed for FIP, but OSS requires a 10× 
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Figure 21: Top: KID arrays are read out using frequency-domain multiplexing. Each KID pixel is weakly coupled to a common readout line 
using a small coupling capacitance Cc and is assigned a unique resonant frequency, typically by adjusting the geometry of the capacitor. The 
signal generator at port 1 produces the superposition of frequencies needed to excite all the resonators. The output signal at port 2 is sent to 
a cryogenic low-noise amplifier, represented by its input impedance, Z0. Left: Photograph of a 432-pixel KID array. The two connectors on the 
right represent ports 1 and 2, and attach to the common readout line on the array. Right: A frequency sweep reveals 415 sharp resonances 
produced by the 432 pixels in the array, corresponding to a fabrication yield of 96%. Credit: C. McKenney, Caltech/NIST.
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improvement. KIDs are close to the tile size needed for FIP/OSS and the Origins approach would be 
to use a number of tiles to fill the instruments’ FOVs.

3.3.3 KID Challenges
Comparing Origins KID focal plane requirements with the current state-of-the-art, the team iden-

tified specific advances required to achieve TRL 5 by 2023, including sensitivity, wavelength range, 
multiplexing, and pixel pitch.

Sensitivity: Sensitivity is the most important challenge for KIDs. The SPACEKIDs devices already 
meet the NEP needed for FIP, but OSS requires a 10× improvement.

The easiest way to improve KID’s sensitivity is to increase its responsivity (frequency shift per ab-
sorbed power) while maintaining its fixed electrical noise. The frequency noise (electrical noise) of 
a KID is typically set by the two-level-system (TLS) fluctuators in the capacitance. The increase in 
responsivity can be achieved by reducing the detector active volume (V) below the ~100 µm3 used by 
SPACEKIDs. For a given material, the frequency shift scales as the quasiparticle density, so the pow-
er-to-frequency response scales as 1/V and the NEP scales as V. In a lumped-element KID, the active 
region is the inductor, so the design problem is simply to create an inductor with a sufficiently-small 
volume that couples to the radiation effectively.

Groups worldwide, including the Caltech/JPL group contributing to the Origins study (Figure 23), 
are developing smaller-volume lumped-element KIDs. These devices have a volume of 35-70 cubic 
microns depending on the film thickness used. Figure 25 shows designs that extend this approach to 
create volumes as low as 10 µm3. Scaled from the much larger KIDs demonstrated in SPACEKIDs, 
with a correction for the larger TLS noise expected for the reduced readout power, these 10 µm3 devic-
es would meet the sensitivity requirement for OSS.

Figure 22: Left – Example of KID readout electronics: a ROACH-1 system. The circuit boards in the foreground contain fast digital to analog 
(DAC) converters that generate the multifrequency analog signal that excites the KID array and the analog to digital (ADC) converters that 
digitize the return signal from the KID array. The FPGA, underneath the cooling fan in the background, performs the digital signal processing 
needed to separate the individual KID frequencies. Center – The MAKO KID cryostat alongside a laboratory electronics rack. Right – A λ=350 
μm image of the moon taken with MAKO at the Caltech Submillimeter Observatory.

Table 3: Detector requirements for Origins versus results achieved for SPACEKIDs (Baselmans et al., 2017).
Tile Size 
(pixels) λ (μm)

NEP
(W Hz−1/2)

MUX (pix/
GHz) Pitch (µm) tdet (ms) Min. Yield

Dynamic 
Range

Crosstalk 
(dB)

1/f knee 
(Hz)

Cosmic Ray 
Deadtime

SPACEKIDs 961 350 3 × 10-19 240 1600 1.5 83% 105 -30 0.2 < 5%
Origins-FIP 8000 50–250 3 × 10-19 1,500 500 < 3 80% 2000 -17 < 0.1 < 2%
Origins-OSS 16000 25–588 3 × 10-20 1,500 400 x 700 < 3 80% 10,000 -17 < 0.1 < 2%
Minimum tile sizes for GEP-I/GEP-S shown; actual arrays could be multiples thereof. Tiles with 12 × 120 = 1,440 pixel format are envisioned for GEP-I bands 1–18. 
GEP-S bands 1 & 2 assume arrays with 112 × 70 format, which could consist of tiles with 28 × 35 = 980 pixels. The dynamic range is specified for a 1 Jy calibration 
source, e.g., an asteroid (Müller et al., 2014; Baselmans et al., 2017). Techniques to mitigate electrical and optical crosstalk, and cosmic ray susceptibility, have been 
demonstrated (Noroozian et al. 2012; Baselmans et al., 2017; Yates et al., 2017).
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Figure 23: Lumped-element KIDs under development for the TIM balloon experiment. (A) Diagram of the mask layout for a single resona-
tor. The meandered inductor (green) is surrounded by an optical choke structure (blue). An interdigitated capacitor (red) sets the resonance 
frequency of the pixel, and two coupling capacitors (yellow) allow readout via microstrip feedlines. (B) A microscope image of a single pixel. 
All pixel elements of the prototype array are patterned with 40 nm aluminum film. (C) A microscope image of the 45-pixel prototype array, 
as fabricated. (D) The array in its enclosure. The back side of the die is bare silicon and lies flat on the gold-plated package surface. The die 
is 30mm × 22mm. (E) A CAD model of the detector package. The optical power is coupled into a feedhorn and travels through a circular 
waveguide that is terminated by the inductor. The final design will have a backside etch to provide a backshort. (F) The prototype feedhorn 
block installed above the 45-pixel array. 

Figure 24: The European SPACEKIDs consortium has demonstrated a 1000-pixel fully-multiplexed array of antenna-coupled KIDs operating 
at λ=300 μm. Left: The pixel design incorporates a lens-fed twin-slot planar antenna coupled to a transmission-line KID. Right: A sub-scale 
microlens array is used to illuminate a portion of the KID array.
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A particular challenge is to maintain the material quality as film thickness and feature sizes are re-
duced. The KID response is dependent on the quasiparticle lifetime (τQP), and the SPACEKIDs devices 
exhibit τQP ~500 µs; this long value is the result of careful attention to deposition conditions to insure 
a high-purity aluminum film, and even longer lifetimes may be possible. By contrast, the low-volume 
devices (Figure 25) have much smaller τQP, ~35 µs. While this discrepancy is not fully understood, the 
most likely explanation is disorder in the material, which may be addressed with changes to the fabri-
cation process. The sputtering deposition devices employed may be modified in a number of ways that 
could potentially improve the film quality, including varying the film thickness or the deposition rate. 
Additionally, shifting to electron beam evaporation from ultrapure targets should produce clean films 
with longer quasiparticle lifetimes (Barends et al., 2009).

The lifetime may also benefit from operating at much lower temperatures (~100 mK) than has been 
traditionally used with KIDs (operated thus far at 220-300 mK for convenience). Measurements at 
these lower temperatures (still above the 50 mK Origins focal plane temperature) are in the near-term 
plan. These smaller volume, improved lifetime approaches are summarized in Table 4.

Wavelength Range: To support the Origins wavebands, particularly the short wavelength band of 
the OSS spectrograph that reaches down to 25 microns, requires absorber-coupled detectors. The an-
tenna-coupling used for the λ = 350 µm SPACEKIDs design will not work because the antennas are 
lossy above the niobium gap frequency (720 GHz). The lumped-element devices from the Caltech/JPL 
group have begun to address this need (Figure 25).

Figure 25: KID designs suitable for the Origins wavebands. (A) This λ > 100 µm design (Swenson et al., 2012; McKenney et al., 2012; Stacey 
et al., 2014) uses a meandered inductor that acts as an efficient single-polarization absorber. A microlens focuses the far-IR radiation onto 
the absorber. Dual-polarization designs have also been demonstrated. An interdigitated capacitor completes the resonant circuit and sets the 
radio-frequency (RF) readout frequency. (B) This modified absorber/inductor design provides high absorption efficiency at λ = 10 µm, (even 
shorter than is required for Origins) and is shown in close-up in (C). (D) Illustrates prototype silicon microlenses produced at JPL/MDL (Lee 
et al., 2013); adopting hexagonal close packing increases the optical fill factor to 91%. Over 5,000 such microlenses have been produced on 
a 100 mm diameter silicon wafer.

Table 4: Approaches to low-NEP KIDs for Origins.

Parameter Existing 3501 Increase t2
Reduce Volume: 
OSS at 350 μm3

Reduce Volume:
OSS at 30 μm4

Temperature [mK] 210 100 100 100
τqp [μs] 35 800 800 800
Linewidth [nm] 400 400 150 150
VL [μm3] 76 76 10 34
fres [MHz] 300 300 310 1250
Response Rx [W-1] 1.2 x 109 2.7 x 1010 2.1 x 1011 6.0 x 1010

Noise due to TLS (Sxx) 2.1 x 10-17 1.8 x 10-17 4.7 x 10-17 1.1 x 10-17

NEP 4 x 10-18 1.3 x 10-19 3 x 10-20 5 x 10-20

350 µm designs include: (1) the fabricated/characterized STARFIRE detector, (2) the same device with an increased τqp and reduced temperature, and (3) a 
subsequently reduced inductor volume. The GEP design includes (4) a 30 µm optimized device patterned with a 150 nm wide inductor.
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Multiplexing: This is a natural strength of KIDs, and Origins arrays are a straightforward adaptation 
of existing devices. The Origins instruments system design accommodates a minimum detector-mul-
tiplexing factor of 500 pixels per GHz of readout bandwidth. This is only a 2× increase in multiplex 
factor relative to SPACEKIDs, and is straightforward based on a 2× reduction in readout frequency, 
from 6 GHz to 3 GHz (band center). In fact, KID development for STARFIRE is targeting resonant 
frequencies below 1 GHz, which would offer multiplex factors of 1500 pixels per GHz. Even lower 
frequencies can offer even denser muxing: 6,500 per GHz have been demonstrated at 200 MHz read-
out frequency (Swenson et al., 2012). Further improvements are likely using post-fabrication resonator 
trimming methods (Liu et al., 2017; Shu et al., 2018), which can adjust resonant frequencies after fab-
rication to eliminate frequency-space collisions arising from lithography errors and material variation.

Pitch: The pixel pitch, or more precisely the per-pixel area, is an important consideration for KIDs 
because it sets the size of the capacitor, which translates to the readout frequencies, in particular for 
small-inductor devices. The smallest pixel pitch in OSS is 400 × 700 µm, while FIP has a 500-micron 
square pitch; therefore, both require a per-pixel area of ~0.25 -0.3 mm2. These are smaller than those 
for SPACEKIDs, which have a relatively large 1,600 µm pitch. However the large SPACEKIDs foot-
print is driven by its optics/antenna design, and Origins requirements can be met with area-efficient 
resonator designs and narrow meandered inductors possible with deep-UV lithography (JPL/MDL 
2018). Smaller pixels generally have higher readout frequency, which presents an engineering design 
trade space of pitch versus readout frequency.

3.3.4 KID Development Plan
Recent, ongoing, and future key technology demonstrations that lead to Origins’ requirements are 

listed in Table 5 and summarized in Figures 8 and 10. The table represents a pathway from the current 
state-of-the-art (SPACEKIDs, TIMp) wavebands, detector counts, and sensitivities through to meet-
ing Origins requirements.

A recently-selected, 3-year CIT/JPL/CU NASA APRA program will demonstrate kilopixel-scale 
KID arrays meeting Origins KIDs requirements (Hailey-Dunsheath et al., 2018). A small KID array 
was flown on the Italian OLIMPO balloon payload (Masi et al., 2019) and the BLAST-TNG 3.3 
kilopixel KID focal plane is scheduled for an Antarctic balloon flight in 2019 (Lourie et al., 2018). Ki-
lopixel-scale, far-infrared, aluminum KID arrays can also be fully demonstrated using the recently-se-
lected TIM NASA balloon payload (Aguirre and Collaboration, 2018) and/or through the proposed 
KID upgrade for the FIFI-LS/SOFIA instrument (Fischer et al., 2018).

To demonstrate detector technology to the sensitivities required for Origins, a dedicated program 
between 2021 and 2025 (Origins-TD in Table 5) will undertake multiple tasks. The final year is under 

Table 5: Major KID technology demonstrations leading to Origins.
Project Date Type Detector Count (pixels) NEP (W Hz−1/2) Wavelength (µm)

SPACEKIDs 2014–17 Lab 1,000 3 x 10-19 350
STARFIRE-p 2017–18 Lab 45 4 x 10-18 350
APRA 2019–22 Lab 1,000 1 x 10-19 10–350
FIFI+LS 2018–22 SOFIA 9,856 <1.5 x 10-17 51–206
STARFIRE 2019–23 Balloon 3,600 <1 x 10-17 240–420
Origins-TD 2020–23 Pre-phase A 2,000 1 x 10-19 25–588
Origins-TM 2023–25 Pre-phase A 2,000 1 x 10-19 25–588
Probe or SPICA 2026+ TBD 5k–50k 1 x 10-19 10–250
Origins -FIP 2030+ Flagship 10,000 3 x 10-19 50–250
Origins -OSS 2030+ Flagship 60,000 3 x 10-20 25–588
The SPACEKIDs (Baselmans et al. 2017) and STARFIRE-p (Barlis et al. 2018) programs are already completed. The APRA (Hailey-Dunsheath 2018) and STARFIRE 
(Aguirre and Collaboration 2018) programs were selected for funding by NASA, and FIFI+LS (Fischer et al., 2018) has been proposed. All rows below SPACEKIDs are, 
or are expected to be, NASA funded for Origins.
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Origins program Phase A. At the end of the program the packaged detector arrays covering the long 
wavelength 300-588 µm and short wavelength 25-50 µm will advance to TRL 5. 
1.	 Task 1.1 (Year 2021): Pursue improved aluminum film quality to increase quasiparticle lifetime 

that is important for low-NEP MKIDs. Film quality can be assessed independently of the very-low 
NEP through the use of large-volume devices, and/or lifetime measurements via generation-re-
combination noise as a function of temperature. A 800μs lifetime is targeted to be able to generate 
devices sufficiently sensitive for OSS. 
Task 1.2 (Year 2021): Design and test Quantum Capacitance Detector (QCD) array with a two 
pixel types; one optimized for 350 µm, the other for 35 µm wavelength photon detectors. Show 
that demonstrated performance of <3 x 10-20 W/Hz-1/2 is achieved for detection at 35 and 350 µm 
at an operating temperature in the range of 50-100 mK. 

2.	 Task 2 (Year 2021): Develop an RF-shielded, light-tight, low-background test facility in a dilu-
tion-cooled cryostat for 2000 pixel format array(s). The first tests will be dark, but testing will 
quickly expand to include optical measurements with a cryogenic black body and a range of band-
pass filters inside the cryostat. The system will eventually include filtration to enable coupling to 
sources outside the cryostat for full spectral and beam shape characterization. This facility naturally 
works for both QCDs and KIDs. 

3.	 Task 3.1 (Years 2021 and 2022): Fabricate low-volume feedhorn or lens-coupled devices (both 
KIDs and QCDs), building on the models shown in Figure 25. The Origins top-level design steps 
are presented in Table 4. Screening for basic yield and resonant frequencies can be done quickly in 
existing test facilities. 
Task 3.2 (Years 2021 and 2022): Design, build and test prototype packaging for detector arrays 
designed as part of Task 3.1 for the long wavelength 300-600 µm and short wavelength 25-50 µm 
bands. 

4.	 Task 4.1 (Beginning mid-Year 2022): Test the low-NEP MKID and QCD devices, in 100-500 
pixel array formats. Full characterization includes noise measurements while dark (un-illuminated) 
as a function of bath temperature, and response and noise as a function of applied power from the 
cryogenic blackbody. 
Task 4.2 (Beginning of Year 2023): Latest date for down select detector approach for OSS - QCD 
or MKID and coupling scheme based on results obtained in 2022. Selection criteria: achieve noise 
performance over median of pixels with coupled efficiency >50% in prototype arrays. Preference 
will be given to a detector technology that shows performance at higher operating temperature. 

5.	 Task 5.1 (Years 2023 and 2024): Design and build arrays based on the results from task 4 that 
have multiplexing scalable to the requirements of Origins, 2000 pixels per 4 GHz of readout band. 
Effort focused on designing, fabricating and packaging arrays for long wavelength band (300-
600 µm) with pixel operability of >80%, defined as (>50% optical efficiency and optical NEP 
<3x10-20 W/Hz-1/2 tested in a cryostat with a cryogenic blackbody source. 
Task 5.2 (Year 2024): Perform environmental vibration, aging and packaging reliability testing 
with prototype arrays. 

6.	 Task 6.1: Develop new cryostat or adapt cryostat used for dark testing and with cryogenic black-
body source to allow coupling to exterior source for full spectral and beam shape characterization.
Task 6.2: Design and build arrays based on the results from task 4 that have multiplexing scalable 
to the requirements of Origins, 2000 pixels per 4 GHz of readout band. Effort focused on design-
ing, fabricating and packaging arrays for short wavelength band (25-30 µm) with pixel operability 
of >80%, defined as >50% optical efficiency and optical NEP <5x10-20 W/Hz-1/2 tested in cryostat 
with cryogenic blackbody source. 
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7.	 Task 7.1 (Years 2024 and 2025): Complete beam characterization of long and short wavelength 
band arrays using cryostat from task 6.1.
Task 7.2 (Year 2025) Complete radiation testing of at least one packaged and operating array with 
a local alpha source and with >30MeV protons at a beamline facility.

3.4 Quantum Capacitiance Detector
MKID arrays have been demonstrated at the sensitivity level required for FIP, but a working MKID 

array with performance required by OSS has not been demonstrated. The required sensitivity for OSS, 
and even photon counting ability, has been demonstrated using the Quantum Capacitance Detector 
(QCD) (Echternach et al., 2018) with a lens-coupled pixel optical efficiency of ~90%. (Figure 26). 
In the QCD, incident photons break Cooper pairs in a metalized mesh absorber coupled by a tunnel 
junction to a Single Cooper Pair Box (SCB). The SCB island formed by the tunnel junction and a gate 
capacitor embedded in a microwave feedline is readout identically as is an MKID. However, in the 
QCD, the absorbed photon(s) cause modulation of the SBC gate capacitance. This modulation is high 
enough that noise contributions such as the TLS are negligible. Since publication (Echternach et al., 
2018), QCD arrays in 5 x 5 = 25 pixel and 21 x 21 = 441 pixel format have been tested (Figure 26a). 
Further, a readout scheme using commercial digitization electronics and Graphics Processing Units 
(GPU) with open source software has been developed and successfully used with both MKIDs (https://
ieeexplore.ieee.org/document/8703439) and the 441-element QCDs array showing detector-limited 
noise performance. Tests of the QCD with these electronics show good optical response and 10-20 W 
Hz-1/2 NEP with simultaneous pixel readout show that the QCD is an excellent candidate technology 
for OSS. Further modeling and testing is required to demonstrate the dynamic range of the QCD at 
higher photon flux and photon energies specified for OSS and FIP

Figure 26: Quantum Capacitance Detec-
tor (QCD) 25 pixel demonstrator. Most of 
each pixel’s area is for the meandered in-
ductor and interdigitated capacitor which 
form the resonator. Resonant frequencies lie 
between 613 and 644 MHz and they are all 
coupled to the feedline circulating through 
the array. Radiation couples from the back 
side through a Fresnel lens array into the 60 
micron x 60 micron mesh absorber shown 
in the upper left. Photo-produced quasipar-
ticles tunnel into and out of the island shift-
ing the frequency of the resonator, readily 
detected in the warm electronics. Of these 
devices in this prototype, 16/25 (64%) 
are optically active. The optical NEPs have 
been measured in a carefully characterized 
low-background test bed with a tunable 
blackbody viewed through small hole and 
set of filters. In this prototype 28% meet the 
OSS sensitivity requirement of 3x10-20 W 
Hz-1/2.  Fabrication process to improve pixel 
yield is in progress. Though not shown here, 
these detectors are fast enough to count in-
dividual far-IR photons.

OriginsFT26
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3.5 Warm Readout Electronics
 All of the detector systems under consideration employ some form of frequency-domain multiplex-

ing in the RF. The warm electronics generates a comb of frequencies, typically one per pixel, this comb 
interacts with the array and returns to the warm electronics. Each tone incurs a frequency or amplitude 
shift as it interacts with its corresponding detector pixel. The comb signal returning to the warm side 
is then digitized and demodulated to extract each frequency’s information. No fundamentally new 
algorithms or approaches are required, it is just a question of total bandwidth and power. 

In all three potential detector configurations, information bandwidth, B, is the most important pa-
rameter because it governs the warm electronics architecture. For direct microwave multiplexing of the 
FIP instrument detectors, the information bandwidth is B=20 GHz, since the detector signals are split 
into five 4 GHz HEMT channels. For the TDM/CDM hybridized detectors and associated readout 
methodology, bandwidth is reduced to B=4 GHz for every grouping of 64,000 TES resonators if using 
a 32-element TES array with a 2000-channel microwave mux for all arrays.

The detector readout electronics philosophy for both the FIP and OSS instruments is to use a scal-
able linear system approach to break down the overall information bandwidth to smaller segments for 
digital signal processing. This approach offers the advantages of graceful degradation, multi-purpose 
cross-cutting electronics application beyond just this observatory, and facilitation of integration and 
test capability once this observatory is built. At the present time, there are new, emergent radio-fre-
quency (RF) chip technologies that are capable of acquiring, processing, and generating detector-re-
lated signals at increments of 4 GHz. The detector electronics concept demonstrated by a partnership 
between NASA Goddard Space Flight Center’s Digital Signal Processing Technology Group, and Ari-
zona State University, in November 2018 showed TRL-4 lab feasibility of a system that can process up 
to 16 GHz of detector bandwidth by a single processor integrated circuit (IC) chip. To advance from 
TRL-4 to TRL-6, similar single-IC’s need to not only be demonstrated functionally in the lab, but also 
perform over space environment temperature test extremes, vacuum, and within a radiation-tolerant 
specification for the observatory. Currently, there is no technology that meets all of these requirements 
in a single IC, but this is likely within the next 18 months since several private companies are making 
the key investments today (Omnisys, Alphacore, Pacific Microchip, Xilinx) to advance the readout 
electronics technology. A technology development schedule with individual tasks to result in a TRL 6 
readout system for the Origins Far IR detectors is shown in Figure 26b.

It is important to note that the readout electronics described herein can be applied in equal measure to 
the three types of detector technologies that are under consideration for the FIP and OSS instruments, 

Figure 26a: (Left)  441-element QCD array packaged for test without lenslet array. (Center top) Multiplexed readout X300 USRP – Ettus 
research signal digitizer and analog digitizer (center bottom) Schematic of microwave readout electronics including the GPU/PC tone FFT and 
resonance feedback. (Right) Measured resonances for the 441 QCD array.
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namely Microwave Kinetic Inductance Detectors (MKIDs), Transition Edge Sensor Bolometers (TES), 
and Quantum Capacitance Detectors (QCDs). From the perspective of the readout system, all 3 detector 
types produce a set of RF signals that are band-limited by the HEMT amplifier, and all are processed 
similarly. Only the TES detector array needs additional signals and electronics to facilitate readout.

3.5.1 Power vs. TRL
In 2018, the TRL 6 electronics approach would be to use a combination of RF-Sampling data con-

verters (DACs, ADCs) in tandem with the densest radiation-tolerant Field-Programmable Gate Arrays 
(FPGAs) to handle signal acquisition and processing. The rule of thumb for selecting a data converter 
is 1 Watt per GHz of bandwidth I/O per converter and 15–30 Watts per monolithic FPGA. Assuming 
an ambitious 20 W per FPGA and two FPGAs per 4 GHz Nyquist processing bandwidth, FIP would 
need an electronics system that used 80 W for the data converters (20 W for bandwidth x2 Nyquist, 
x2 ADC and DAC) and 40 W total for the two FPGA required in the system. Assuming 70% power 
efficiency, the total power budget for the FIP warm electronics (not including RF interfacing elec-
tronics between HEMT amplifiers and DSP electronics) would be ~172 Watts. To achieve this power 
dissipation, current radiation-tolerant versions of commercially available FPGAs would not be viable. 
Only Xilinx, which makes the multiprocessor system-on-chip (MPSoC), has a device that can interface 
a large number of data converters. This suggests that an architecture that includes MPSoC devices as 
its main processing element for readout currently can perform no better than a TRL-4 Earth-based lab 
experiment. These devices are neither immune nor tolerant to radiation effects – specifically degrada-
tion via Total Ionizing Dose (TID) and single event functional upsets (SEU). 

The optimal power solution would be realized using a new chip architecture: RF System-on-Chip 
(RFSoC). RFSoC is a new type of FPGA that integrates RF-data converters into the same chip die, as 
well as multi-core microprocessors (Figure 27). Xilinx has announced a family of these groundbreaking 
new devices (Feb 2017 Whitepaper). Xilinx RFSoCs have been under evaluation since October 2017 
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Layout
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Figure 26b: The far IR warm readout system can easily reach TRL5 before the start of Origins Phase A, and TRL6 before PDR.
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and show a power performance of ~30 W total, to be compared with 172 Watts of a conventional TRL 
6 system with discrete data converters and multiple FPGAs. One RFSoC can handle 16 GHz of in-
formation bandwidth; two RFSoCs can handle all processing required for FIP in the direct microwave 
multiplexing configuration.

In November 2018, a team from NASA GSFC (D. Bradley, T. Jamison-Hooks, L. Miles, T. Brown-
ing) conducted a joint lab experiment to evaluate the new RFSoC system from Xilinx for the first time, 
for reading out MKID detectors. In this experiment, we showed the feasibility of using the RFSoC as a 
processor that could accommodate 16 GHz bandwidth worth of detector signal, as well as generate the 
detector tone signals required for detector readout. As a result, TRL-4 maturity of the OST detector 
readout concept has been demonstrated as mature to TRL-4, or lab-experiment grade. This is applica-
ble to both the OSS and FIP instruments.

To advance the TRL past level 4 and through to 6, the OST detector readout and signal processing 
electronics must pass environmental test screening – including survivability over space temperature, 
vacuum, as well as radiation hardness. To date, The RFSoC does not demonstrate these characteristics, 
though there are current research efforts to evaluate the chip for these conditions. Further investment 
must be made in advanced electronics that use the RFSoC as a functional starting point. Similar chip 
design approaches utilizing RF-CMOS approaches combined with QML chip design processes will 
yield a specialized ASIC that can perform functionally as well as the RFSoC, but also meet the TRL-6 
criteria of thermal-vac and radiation survivability. The idea, proposed by D. Bradley on the Origins 
study, consists of a new RF-Spectrometer chip, combined with a supervisory processor that corrdi-
nates all other board functions besides detector signal processing. This DSP board, in Figure 28, is an 
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Figure 27: Xilinx RF System-on-Chip (RFSoC)
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electronics card assembly that can be made into an area approximately 20 cm x 30 cm (or smaller in 
the next decade), and perform all of the necessary processing for 4 GHz detector readout. The current 
state-of-the-art processor designs are being invested in by private industry, and initial offerings will be 
made available by 2021 approximately. NASA is currently investing in and plans to invest in SBIR and 
ROSES-SAT technology that targets similar developments.

This card architecture is inherently scalable, meaning that the addition of duplicates of this card 
will process additional 4 GHz segments of spectra, and hence more detector pixels. Figure 28 shows 
only one of these cards. Once one card is proven functional, it is a straightforward electronics exer-
cise to manufacture duplicates, using the same test equipment to evaluate each one. A card like this 
would consume less than 4W of power in operation extrapolating current technology trends in RFC-
MOS processes.

3.6 Schedule for FIR Array Development, Down Select Strategy, and Cost Estimate
Monitoring development of the TES and KID technologies to reach the required specifications for 

OSS and FIP will be rigorous, with regular reporting to motivate progress and provide assistance to 
resolve issues. The Origins team envisions a manager to oversee progress and a standing review board 
of experts to provide useful oversight. The technology program will draft a technology enhancement 
milestone and performance criteria which will be the basis for assessing continued development. A 
down-select to a single detector technology is scheduled in FY 2025, the beginning of mission Phase A 
(Figures 29 and 30).

Figure 29: TES development schedule
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Task 1 - Demonstrate FIP NEP  3e-19 W/rt-Hz single pixel 4 5
Design and mask layout
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Low Noise test package design
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Complete dark testing verification of G, tau, Tc

Task 2 - Demonstrate OSS NEP < 3e-20 W/rt-Hz single pixel (dark) 3 5
Design and Mask Layout
Device fabrication 
Dark testing verification of G, tau 3 5
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Packaging integration, hybridization pass visual inspection, witness tests
Optical Characterization detector performance, yield, optical efficiency 3 5
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Milestone Reviews
Reporting
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Task 1.1 - Improved Al film quality 800 microsec lifetime for quasiparticles 3
Task 1.2 - Design and Test QCD array with 2 pixel types <3E-20 W / Hz^1/2 NEP 3
Task 2 - Develop RF shielded light-tight low-background test facility 
Task 3.1 - Fabricate low-volume feedhorn or lens-coupled devices
Task 3.2 - Design, build and test prototype packaging
Task 4.1 - Test low-NEP KIDs and QCDs in 100 - 500 pixel arrays 4
Task 4.2 - Downselect detector approach between QCDs and MKIDs achieve noise perf over median of pixels, coupled effic >50%
Task 5.1 - Design and build arrays w/ scalable multiplexing (300 - 600 microns) >80% of pixels 50%+ efficiency and NEP < 3E-20 W / Hz^-1/2 4
Task 5.2 - Perform environmental vibration, aging, and packaging reliability 5
Task 6.1 - Develop or adapt cryostat with cryogenic blackbody source
Task 6.2 - Design and build arrays w/ scalable multiplexing (25 - 300 microns) >80% of pixels 50%+ efficiency and NEP < 5E-20 W / Hz^-1/2
Task 7.1 - Complete beam characterization of arrays using cryostat from task 6
Task 7.2 - Complete radiation testing of array 5 6
Task 8 - Far-IR detector down-selection 5 6
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Figure 30: KID and QCD development schedule
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Detailed detector development labor plans and budgets are presented for TES and MKID detectors 
in Appendices A and B, respectively. QCDs are also discussed in Appendix B.

4 - MID-INFRARED ARRAYS

4.1 Mid-IR Array Requirements
Transit spectroscopy has proven to be an essential tool for characterizing the atmospheres of exo-

planets. The key performance metric for these observations is stability of the response of the instru-
ment during the transit, secondary eclipse, or planetary orbit phase curve (typically on the time scale of 
hours to days). JWST/MIRI uses the same detectors as Spitzer/IRAC (Figure 31), which has been able 
to achieve ~60 ppm precision on timescales of several hours, including the phenomological calibration 
of on-orbit drifts. Systematic errors for transit observations expected with JWST based on previous 
observation are described in Beichman et al. (2014).

Studying the atmospheres of potentially habitable planets orbiting M-dwarf stars is a key science 
goal for Origins. The bio-signature case for Origins requires a mid-IR detector stability of down to ~5 
ppm, depending on the wavelength, over several hours (Table 6; Figure 32). This stability requirement 
in performance is on the order of one magnitude beyond the state-of-the-art that has been achieved 
on-orbit and may require new development for existing technology.

4.2 Mid-IR Detector Technology State-of-the-Art
There have been remarkable current achievements in stability with IR detectors. Knutson et al. (2009) 

obtained 65 ppm noise with Si:As arrays (similar to those on JWST) with Spitzer (Figure 33). The InSb 
arrays on Spitzer have achieved 50-150 ppm stability, depending on the algorithm used to remove cor-
related noise (Knutson et al. 2009; Ingalls et al., 2016; Demory et al., 2012). The HST WFC 3 1.7 µm 
H 1RG HgCdTe arrays have achieved 23 ppm in two exoplanet transits (Knutson et al., 2014). JWST 
expects to achieve ~50 ppm stability with the H 2RG 5 µm arrays (Beichman et al., 2014; Clanton et 
al., 2012). JWST, NEOCam, ARIEL, and TESS will produce an extensive set of image processing 
and analysis algorithms, which can be used by Origins. In particular, JWST will observe transiting ex-
oplanets, which will require processing at levels even beyond what has been done for Kepler, HST, and 
Spitzer. The read noise of the Si:As detectors has not dramatically improved from the Spitzer/IRAC to 
JWST/MIRI (McMurtry et al., 2005, Figure 14 and Lum et al., 1993, Figure 11, where the conversion 

Figure 31: State of the art mid-infrared 
detectors: Left: Si:As detector array used 
in JWST/MIRI. Right: HgCdTe long wave-
length detector to be used in NEOCam.

Table 6: Detector characteristics for Origins mid-infrared instrument

Inst.
Temp 

(K)
λmin 

(μm)
λmax 

(μm) R=λ/Δλ Npix Sensitivity
Saturation 

Limits Notes

MISC-T 50 mK 
30 K 2.8 20 Up to 295 104 or 4 x 106 NEP=3 x 10-18 (W/Hz1/2) 5 ppm 

stability over a few hours
K~3.0 mag 30 Jy 
@ 3.3 μm

Detector stability limiting (5 ppm aimed 
for the short and mid wavelength band)
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factor is ~9x10-12 between the two graphs). With the Read Out Integrated Circuits (ROICs) used in 
Spitzer, the noise was largely unchanged as the temperature decreased below 40 K. However, for JWST/
MIRI ROICs, the noise increased as the temperature decreased (McMurtry et al., 2005; Rieke et al., 
2015). Many researchers are currently working to improve stability through image processing, but that 
is an ex post facto solution. However, much can be done to improve the stability while the data are being 
taken (i.e., improve the technology as well as the image processing software).

Spitzer/IRAC Si:As detectors have demonstrated ~60 ppm precision in transit observations of sev-
eral hours. JWST/MIRI is expected to achieve similar or slightly better stability (e.g., Love et al., 
2005; Greene, 2016). Limiting factors in stability are currently unidentified. Once on orbit, the MIRI 
detectors are expected to establish the state-of-the-art for transit spectroscopy in the mid-IR band. 

Origins Transit Stability Components (in ppm unless otherwise noted) for a 9.8 K magnitude M-star, 85 transits of 4 hours duration each
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Figure 32: Tentaive allocation budget for the MISC-T Spectral accuracy for exoplanet transit spectroscopy.
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MIRI uses the same arsenic-doped silicon impu-
rity band conductor (IBC) detector technology 
as Spitzer/IRAC and a hybridized readout that 
improves their stability. Improvements can defi-
nitely be made - current laboratory testing of an 
engineering JWST Si:As array has shown that 
with careful attention to the readout electronics 
stabilities can be achieved that are over a factor of 
four better than achieved with the Spitzer IRAC 
detectors (T.Matsuo, et al., 2019, submitted).

4.3 Mid-IR Array Challenges
The biggest challenge to reaching Origins’ mid-

IR requirements involves the stability requirement 
for the Transit Spectrometer instrument. It is like-
ly there are a number of factors (e.g., pointing jit-
ter, control electronics, etc.) limiting the stability 
of the Spitzer and JWST observations. Unfortu-
nately, laboratory test systems do not currently 
provide the required stability to measure at levels 
needed to simulate even Spitzer or JWST observa-
tions. A few teams (Staguhn, Greene & Matsuo) 
are currently working to improve the laboratory systems to improve ground testing capabilities. 

Because high-stability detectors are critical to the success of the MISC transit channel, we envision 
a dedicated detector program to identify a detector that meets the stability requirements. We expect 
that once such a detector is identified, that an appropriate instrument would be designed based on 
the detector. Sections 4.4 and 4.6 outline the steps needed to progress HgCdTe and TES detectors to 
meet Origins requirements (Tables 6 & 7). Section 4.5 discusses how to re-institute Si:As detectors. In 
Section 4.7 we describe the strategy for Mid-IR array development and down-select strategy.

4.4 HgCdTe Detector Array Technology Development
The Origins team has assessed that the mid-IR HgCdTe detector arrays, developed with Teledyne 

Imaging Sensors (TIS) under several NASA grants to the University of Rochester (UR), are a better 
alternative than Si:As IBC arrays for sensitive exoplanet characterization missions requiring stabilities 

Table 7: Origins requirements for λ<11 μm vs. state of the art
Parameter Origins Needs/Requirements HgCdTe State-of-the-Art

Format 2K x 2K 2K x 2K (2040 x 2040 active)
Pixel Size ~18 μm (subject to trade study) 18 μm
Wavelength Coverage 2.8–11 μm 1–16 μm
Readout Rate 10 sec full frame 1.3 sec full frame (32 outputs)
Detective QE >50% at all wavelengths in range above >55% at all wavelengths without AR coating (higher with AR coat)
Dark Current <0.3 e-/s <0.3 e-/s
Read Noise 10 e- 12–18 e- (correlated double sample), lower with multiple sampling!
Full Well 250 Ke- 70–90 Ke-

Operability >95% (TBD) >95%
Operating Temperature <30 K 24–30K
Other: Img/Cor/Spec Window guide mode Yes in HAWAII-2RG
Other: Transit Spec <3 ppm stability over 10 hr 35–50 ppm

Figure 33: Noise characteristics of exoplanet observations with 
Spitzer/IRAC by Knutson et al. (2009) shows the noise (scatter in the 
points) does not decrease past a certain amount of time and reaches 
a noise floor of 65 ppm.
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of 5 ppm. In fact, mid-IR detector stability was recently added to the NASA Science Missions Direc-
torate Astrophysics Division “Technology Gap List” in recognition of the importance of exoplanet 
characterization and the power of the mid-IR to trace important molecules in the atmospheres of ex-
oplanets discovered through transit observations (https://exoplanets.nasa.gov/exep/technology/gap-lists/). 
The 3-11 µm range is better covered by HgCdTe than Si:As, since at short wavelengths Si:As is known 
to be virtually transparent. As Pipher et al. (2004) and Rieke et al. (2015) have shown, Si:As detector 
arrays are quite transparent below 10 µm. Photons that are not absorbed in the detector material can 
either 1) produce a diffraction pattern in reflection off of the metal pads (Babinet’s principle – Rieke, 
private communication) or 2) enter and bounce around in the epoxy layer between the detector and 
ROIC material and before being reflected back into Si:As detector, hence producing a wavelength 
dependence to these features which corresponds to absorption by the epoxy. In addition, HgCdTe 
photodiodes do not exhibit gain variation with bias, whereas Si:As IBCs do. HgCdTe photodiodes 
operate at a higher temperature and exhibit a quantum efficiency (QE) 2x higher than Si:As. These 
reasons point to better performance at lower mission cost with HgCdTe arrays.

If JWST/MIRI or NIRSpec perform at the 5 ppm level, those techniques and software can be imple-
mented on Origins. In the intervening years before Origins is built and launched, Origins will improve 
the detector technology, read-out integrated circuits (ROIC), and control electronics. Furthermore, 
the Origins transit spectrometer will employ a densified pupil optical design, which, although limited 
in use for a wide range of astronomical investigations, is optimized for the removal of systematic in-
stabilities in the detector arrays as well as due to pointing jitter. Taken together, all signs point to the 
likelihood that Origins will significantly outperform JWST at characterization of habitable, life-bear-
ing exoplanets.

4.4.1 HgCdTe Detector Development Plan
To make HgCdTe viable for use on Origins will require ROIC stability improvements, including 

major development programs that address decreasing read noise, alleviating non-linearity effects, re-
ducing pixel-to-pixel variations, and resetting anomalies. For the Image/Cor/Spec instrument, the 
remaining challenges are to: 1) increase the full well, which may require a selectable capacitor/pixel 
addition to the ROIC, which is fairly straight forward; and 2) redesign ROIC to decrease read noise 
and change pixel size while not increasing dark current or adversely affecting the image quality (MTF 
or PSF). The second challenge is more involved, but not impossible (i.e., it requires multiple iterations 
of silicon foundry runs with extensive testing after each run).

HgCdTe has benefitted from existing development work for JWST (5 µm cutoff), NEOCam (10 µm 
cutoff; PI: Amy Mainzer, JPL) and University of Rochester’s (UR) 15-µm cutoff development aimed at 
supporting spectroscopic detection of biosignatures via space missions, such as Origins. The Ariel mission 
will require similar detectors to those on NEOCam. For the past three years, UR has been extending this 
technology (under NASA grant; Forrest, PI) to longer wavelength cutoffs. To begin the process of extend-
ing to 15+ µm, the UR team took the first step by moving to a 13 µm cutoff wavelength. First results have 
been reported (Forrest et al., 2016; McMurtry et al., 2016), and the team is completing characterization 
(Cabrera et al., 2019, in preparation; Figure 34). The team started the next phase in 2017, working to 
extend the wavelength to the final goal. The new HgCdTe detector arrays with cutoff wavelength >16 µm 
have been grown, hybridized, and packaged, and were delivered in early September 2018. Testing is un-
derway, and results will be presented in August 2019 at SPIE in San Diego, CA.

The growth of HgCdTe detectors is often fraught with difficulties, e.g. low well depth and high dark 
current due to tunneling currents, softer material at longer wavelengths, which makes hybridization 
more difficult, cluster defects such as those from Hg precipitates, thinning of substrates, and targeting 
the cutoff wavelength. While each of these issues may be understood in principle, it is difficult to fully 



Vol 2-34From First Light to Life

constrain all of them in practice, which results in lower yield of detectors, which in-turn results in 
higher costs to produce the flight detectors for any given program. Thus, we will take what is learned 
during both JWST’s and NEOCam’s production runs of flight detector arrays (heritage reduces cost 
and risk) and apply all possible solutions to improve the yield of detectors. 

HgCdTe arrays are susceptible to damage from cosmic rays. The current 10-micron cutoff HgCdTe 
arrays have been qualified to TRL 6 for the NEOCam mission after proton irradiation experiments 
where <1% of the pixels were degraded (increased dark current) after 1.5× and 2.0× lifetime TID for 
the L 1 environment proposed (Dorn et al., 2016). The HAWAII-2RG HgCdTe arrays have been qual-
ified to >TRL 6 for JWST (OCO-2, HST, ECHO).

The next steps are to address the remaining requirements for Origins: stability, read noise, and well 
capacity. One possibility (Figure 33) is that dark current stability can be reached by operating at a 
sufficiently high temperature (28 K) so the detector is thermally dark current limited (G-R) instead 
of bias dependent dark current limited (trap-assisted tunneling), while still meeting the 0.3 e-/s dark 
current requirement for Origins. Teledyne HxRG ROICs, generally used for low background space 
astronomy, are source follower per detector (SFD) pixel and the lowest noise and low power choice. 
Although a CTIA ROIC could provide constant bias, which might initially seem the most stable 
choice, other reasons (e.g., high power – typically Watts rather than milliwatts - and glow) make this 
ROIC an unsuitable choice for space exoplanet missions, at least as it is currently envisioned. The high 
power occurs because all pixels are powered during the read of each pixel. Some detector groups have 
discussed turning off the power to all but the pixel being read out; however, then turning on the pow-
er to each pixel would be unstable, and still more powerful than a few milliwatts. Extra closed cycle 
cryo-refrigerators would be required, adding cost and weight to the mission. The high current leads to 
ROIC glow, which affects the background flux levels in an unstable way. First efforts will be directed 
toward improving the HxRG ROICs before considering a completely new cryogenic ROIC design.

Redesigning the ROIC, by definition, will decrease the complete detector array’s TRL to 4. Once the 
design is complete and tested in a lab environment, it will be back at TRL 5. With sufficient funding, 
this process will take ~4-5 years. The redesigned ROIC will then need to pass proton radiation testing, 
thermal cycling, and shake/vibration testing to once again reach TRL 6 (HgCdTe is currently TRL 6).
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Figure 34: (a) Dark current vs. temperature (applied bias of 250 mV) and (b) dark current vs. bias (at 28 K) averaged data of 50 operable 
pixels in H1RG-18509 which has a cutoff wavelength of 12.6 microns. In (a), the mean actual bias of 283.5 mV, corresponding to the 28 K 
stable data point, was used to fit the dark current models. (from Cabrera et al., 2019)
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4.4.2 HgCdTe Detector Manufacturing
Our primary objective is to improve the overall radiometric stability of the HgCdTe detector arrays. 

This requires several tasks, as detailed below. In collaboration with Teledyne, the University of Roches-
ter (UR) group proposes to develop test circuits (chips) with smaller arrays of pixels that mimic what is 
used in full, large format array ROICs. This path was selected as a cost savings compared to attempting 
multiple iterations of a fully redesigned ROIC, which would cost 20 to 50 times the small array option. 
Each foundry run will produce several test chips with variations (lot splits) on the foundry process or 
the circuit architecture to evaluate which are the best performing devices. The plan has seven Tasks:

Task 1: The most important objective is to decrease the noise, both the long term (between images 
over 1 day) 1/f noise component and the short term (single image) read noise.

The 1/f noise component directly impacts the long-term radiometric stability since it adds un-
certainty to the measurement, which cannot be removed via repeated sampling to reduce the noise. 
Popcorn noise is another form of both traditional read noise and 1/f noise that follows a power law 
distribution in both frequency of transitions and voltage of transitions (Bacon et al. 2005). The lowest 
frequency popcorn noise has the largest voltage transition. There are a few methods to reduce 1/f noise. 
First, the use of buried channel MOSFETs can reduce the 1/f and popcorn (random telegraph) noises. 
Second, switching to an all PMOS process (i.e. not fully CMOS) can reduce the number of defects 
introduced during processing, i.e. less dopants and thus less contaminants enter the silicon. Finally, if 
one had enough funding (>$500M which is clearly cost-prohibitive) to purchase dedicated equipment, 
conduct engineering improvements, and pay staff at a foundry, then the process itself could be cleaned 
to the point of removing the contaminant responsible for the popcorn noise.

Although most exo-planet transit observations will be photon shot noise limited due to bright host stars 
in the raw data, the read noise of the ROIC is still important because the extracted signal from the exo-plan-
et’s atmosphere will be very small (1-100 e-) and thus comparable to the read noise. Therefore improvements 
to the read noise will translate to lower number of repeat observations needed to extract the small signal of 
the planet’s atmosphere. For the most recent detector arrays, the read noise must be improved (decreased) 
from ~12 e- to below 10 e-, or ideally below 4 e-. A major effort is required to achieve this goal. The main 
issue with improving the read noise is the lack of true cryogenic foundries. In the past, Teledyne, DRS and 
Raytheon Vision Systems have all worked with the silicon foundries to change their standard process to 
improve ROIC performance. While not impossible, this will be an extra cost to the program. 

The source-follower FET has a thermal shot noise component due to the current that flows in the 
FET. That thermal noise is white across frequencies and thus may be reduced by decreasing the band-
width of the FET. The reduction of the bandwidth is achievable via increasing the number of ROIC 
outputs while decreasing the speed with which each pixel is read, i.e. 20 ms/pixel instead of 10. This 
option increases the power consumption per array due to the increased number of outputs, however 
that is still within our budget of 100mW per array.

Both the dopant and concentration of the dopant (actual not provided since that is proprietary) in 
the silicon wafer can be adjusted to improve the cryogenic performance of the ROIC (McMurtry et al. 
2003, McMurtry et al. 2005). In addition, it is possible to improve the foundry process to make each 
layer more planar, i.e. place more oxide between FETs and traces such that the overlying oxide on those 
traces is flat and plane parallel with the starting silicon wafer. Without such a process improvement, the 
oxide becomes thinner at the corners of the traces (as seen in cross-section) and leads to micro shorts 
between crossing traces or the substrate (Alan Hoffman, private communication, 2003). Adjustments 
to the combined parameters of the insulating oxide thickness, its planarization, the dopant and its 
concentration will help to reduce micro-shorts within the ROIC which in turn will reduce currents in 
the substrate, reduce clock feed-through and thus lower the read noise. 
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Task 2: We will implement design improvements to improve the stability of clocks and biases, which 
in turn will improve the overall detector stability. This is primarily a strict analysis of the design used 
to reduce stray capacitances and any potential shorts or cross-talk between adjacent circuits, e.g. move 
shift registers away from sensitive bias lines and output amplifiers (source follower FETs), adding more 
metal layers for shielding, employing lower voltages for switches and dual polarity (differential) switch-
es. The designs will also need to minimize the resistance of long lines for voltage supplies to decrease 
the voltage drop that occurs from one side of the ROIC to the other. The increase in pixel size will 
provide the ability to reduce resistances on long supply lines (reset voltage, drain voltage, etc.) by using 
larger width traces, while also spacing those traces better to decrease the amount of stray capacitances. 
We will also utilize the improvements that were introduced into the HAWAII-4RG ROIC design to 
minimize clock feedthrough. 

Task 3: Improve the pixel-to-pixel uniformity. The increase in pixel size (see Objective 5) will allow 
for better pixel-to-pixel uniformity since the team will be producing FETs well above the design rule 
limits for the chosen foundry, and thus inherent foundry process variations in the FET dimensions 
will be a smaller fraction of the area of the FET. Having better pixel-to-pixel uniformity will reduce 
the variation of the measured source signal from one observation to the next due to telescope pointing 
fluctuations (i.e. spot position on the detector array).

Task 4: Change the pixel pitch from 18 microns to an optimized value derived by the final optical 
design of the MISC-T instrument. The existing HAWAII-2RG 2Kx2K pixel ROICs used for HgCdTe 
arrays have 18 micron pixel pitches, which may not be optimum - for example pitches that are ap-
proximately wavelength-sized do not produce good image quality (e.g. MTF, Boreman 2001). Further, 
changing the size of the pixel pitch will allow more room within each pixel to accommodate changes 
made to satisfy the other tasks, both above and below. 

Increasing the pixel pitch is not without its disadvantages. The final ROIC, produced after Origins 
selects its optimal design, will be large in physical area and therefore require stitching of reticles during 
the foundry process in order to create the full array. The optics for any future telescope will be more 
difficult to design given that the array extends over a larger area of the focal plane, thus putting more 
strain on the optical designer to deliver a flat focus over that larger area. Further the size of the actual 
detector die will cover a larger portion of the HgCdTe wafers, which results in greater risk of non-uni-
formity of the detector and thus impacts the yield. With a larger detector die to be hybridized to the 
ROIC comes a larger force needed to bond all the pixels. This will require a short development period 
in order to be able to reproducibly hybridize the larger HgCdTe die to the larger ROIC die.

A pixel pitch increase would normally increase the dark current, i.e. larger p-n junctions for larger pixels. 
However, we will not be changing the size of the p-n junction, hence dark current will not change. Despite 
having smaller p-n junctions relative to the pixel area, a pixel pitch increase will not adversely affect the lat-
eral charge collection by a large amount due to Teledyne’s proprietary techniques in growing the HgCdTe. 

The interpixel capacitance (IPC) will also be affected by the change in pixel size. However, an in-
crease in pitch will result in a decrease in IPC, which is a beneficial outcome. And an increase in the 
pixel pitch would allow more room to accommodate in increase in the capacitance allowing a com-
mensurate increase in well depth as described in Task 5 below.

All of these advantages and disadvantages will need to be properly weighed during a trade study on 
the pixel size. While the current goal is to produce 15 micron pixels (as given by the optics team to the 
detector team), it is likely that Origins will decide to use pixels that are larger than that. 

Task 5: We will add internal capacitance to each unit cell (pixel) to increase the well capacity and 
reduce the bias dependence of DQE and dark current by effectively reducing the contribution of the 
detector to the total capacitance. This unfortunately also will increase the effective read noise since 
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the read noise is actually a voltage noise despite always being quoted in electrons. The increased read 
noise must be traded against the gain in well capacity in order to find the optimal value for the added 
internal capacitors.

Task 6: Once a final ROIC design is made, we can begin to qualify the ROIC to TRL-6. Part of that 
qualification process involves proton radiation testing. This will be conducted on bare ROICs.

Task 7: The final objective is to produce hybridized LWIR (11 µm) HgCdTe detector arrays utilizing 
the best ROIC design. These arrays will then be tested against the Origins requirements. A small num-
ber of these arrays will be subjected again to radiation testing, thermal cycling and vibe/shake testing 
to complete the qualification to TRL-6 for the SCA.

4.5 Si:As Detector Development Plan
The Si:As detectors that are currently baselined in the design of the MISC-T instrument long wave-

length channel will operate over 11-20 µm, where this detector material has high quantum efficiency. 
The cooling requirements are very modest as these detectors will operate quite happily at the tempera-
ture of the Origins optics and their power dissipation is low enough that simple heat straps will be suffi-
cient to cool the detectors. Most importantly, the stability requirements are considerably relaxed com-
pared to the shorter wavelengths – the biogenic spectral features of interest are much more pronounced 
at these longer wavelengths. As a result, there is little additional development that is needed to meet 
these requirements. The detector format (2k x 2k) is twice as large as the 1k x 1k Si:As detectors used 
in the JWST MIRI instrument, but increasing the pixel count is expected to be straightforward. These 
detectors are therefore already at a TRL 6 level for their stability, and at TRL 4 considering the need 
to increase the pixel count.

The biggest issue is the question of detector availability. The industrial detector fabricators (Raytheon 
and DRS) that have built these detectors in the past for such missions as Spitzer, WISE, and JWST, have 
dropped their fabrication efforts in this wavelength range. The past developments were largely funded by 
interest from the Department of Defense, which is no longer interested in this wavelength range. As a 
result the industrial fabrication facilities and institutional experience have declined significantly. Rebuild-
ing this capability will be straightforward, but costly. We therefore estimate that three years and roughly 
$10M would be needed to bring the fabrication facilities up to date and increase the pixel count.
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Figure 35: Development schedule for the Mid-IR HgCdTe  detectors.  The Si:As detectors follow a similar schedule.
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4.6 HgCdTe Detector Testing
NASA ARC and the University of Rochester have been conducting tests of mid-IR array detectors 

for many years and have supported detector testing of a number of earlier and current space missions, 
including Spitzer, WISE, NEOCam, and JWST. The ARC facilities are currently in use to test the 
stability and performance of the densified pupil spectrometer design (Matsuo et al., 2016) being con-
sidered for Origins. The UR facilities are currently in use to test the pre-flight production of HgCdTe 
arrays for NEOCam. To fully test the detector/spectrometer designs, both the ARC and UR facilities 
must be upgraded to measure the extremely low (few ppm over 10 hours) pixel-to-pixel photometric 
stabilities necessary to meet Origins transit science requirements. These facilities must be capable of 
testing the Si:As and HgCdTe detector technologies currently baselined for the Origin mid-IR instru-
ment, which in practice means separate cryogenic dewars will be required for each detector type.

The scope of these test facility improvements fits the need to demonstrate TRL 5 by 2025 and TRL 
6 detector technologies by Origins PDR, currently anticipated to occur in 2027. An estimated budget 
and schedule is provided in Figure 35. This budget and schedule is broken into two separate, but con-
current facets: 1) the test facilities and 2) the cost of the detectors and readout development program.

Test Facilities
Year 1: Procure and manufacture two dedicated cryogenic dewars for each facility (4 dewars total), 

including cryocooler heads and compressors, internal optics, high-stability internal calibration source: 
~$1250k. Procure detector drive electronics from Astronomical Research Cameras (aka Leach), Gen-
IV ultra-stable version: $104k (quantity 4 at $26k each). 

Labor: 5 FTE/WYE (1 scientist + 3 engineers + 2 graduate students). The scientist will oversee the 
engineers and students, while providing guidance to ensure the proper design of the dewars to meet 
the low background space telescope like environment. The engineers will produce the designs for the 
dewars, optics, sources and drive electronics. The engineers and graduate students will assemble the 
systems. Overhead and lab fees: $100k. Travel: $20k.

Year 2: Commission the test system. Procure data system hardware and software (not including de-
tector drive electronics): ~$175k. Labor: 3 FTE/WYE (2 engineers + 2 graduate students). Overhead 
and lab fees: $100k. Travel: $20k.

HgCdTe Detector and ROIC Development Program
Prior development costs (circa 2002) for ROICs were $1-2M per iteration based upon an existing 

design. Scaling those to the scope of this development, which is two iterations that are on the more 
costly end of that range, and allowing for inflation (factor of 2), we estimate that the 2.5 year develop-
ment will cost $8M. Production runs of HgCdTe detector arrays at Teledyne are $800k per run, with 
4 runs needed, for a total of $3.2M. 

Schedule: 5 year development and test period. Labor for testing at ARC and UR: 5 FTE/WYE (2 
scientists + 2 engineers + 2 graduate students) per year for 5 years. The scientists will work with Tele-
dyne to produce the ROIC designs and foundry run lot splits that will meet the Origins Space Tele-
scope’s requirements. The scientists will also evaluate the success of the ROICs and HgCdTe detector 
arrays after delivery and testing is complete. The engineers and the graduate students will conduct the 
testing of the ROICs, full detector arrays and radiation testing. Travel $40k/year. Overhead and fees: 
$100k/year. Radiation testing at UC Davis: $100k.

Si:As Detector and ROIC Development Program
Cost of Si: As detector arrays to test. Based on informal conversations with Raytheon over a year 

ago we estimate a total of $10M for the first production run of ~10 Si:As detectors. It is expected that 
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this would be spent over a 3-year development 
and test period. A second detector run should be 
baselined so that the design can be refined. This 
second run should be less expensive since the fab-
rication facilities will now be back up and run-
ning – with an estimate of $3M for this run.

4.7 TES Development Plan
The Origins team is also studying Transition 

Edge Sensors (TES) as an alternative option for 
the Transit Spectrometer (Section 3.1). This alter-
native option for the mid-infrared detectors will 
leverage the TES development effort that is being 
undertaken for the Origins OSS and FIP instru-
ments. To provide a detector array with the required stability while reducing development efforts, the 
team selected an extremely stable and linear superconducting detector, TES, in combination with a 
calibration system. There are two disadvantages of this technology compared to the large-format Hg-
CdTe and Si:As detectors: 1) as their array sizes are smaller than the 2k x 2k sizes used in the MISC-T 
densified pupil optical design, using TES detectors would necessitate a completely different optical 
design, and 2) they would require additional cryocoolers within the MISC-T instrument in order to 
reach their sub-Kelvin operating temperatures. However, in spite of these disadvantages we feel that 
pursuing this alternative technology development path is an important risk-reduction approach to 
achieving the very high detector stability requirements. Given the impact on the MISC optical and 
mechanical designs and the additional cryogenic requirements for the TES detectors, the selection of 
which detector technology to use will have to be made before the Origins System Requirements Review.

Very stable, large format, high efficiency, low noise TES-based bolometer arrays operating in the 
millimeter through far-infrared wavelength regimes have already been developed (e.g., Benford et al., 
2010). Such arrays have been successfully integrated into bolometer cameras (e.g., GISMO, HAWC+); 
additional applications are planned for GISMO-2, PIPER, and HIRMES. The detectors for these in-
struments were produced at GSFC. These detectors have very low 1/f noise with 1/f knees of close to 
0.01 Hz, as shown in a lab current noise density measurement of a PIPER array (Figure 36). The ADR 
was running open loop during the measurements; with feedback, the device will be even more stable.

The PIPER and HIRMES detectors have sufficient sensitivity and dynamic range for mid-IR spec-
troscopic applications with a NEP of a few 1018 W/√Hz and a saturation power of ~2 pW. Since TES 
are used as bolometers (resistance changes with temperature), they can also be used as near and mid-IR 
detectors. The only required development for this application is a suitable mid-infrared absorber to de-
posit the radiation energy into the detector membrane. The required absorbers can be optimized inde-
pendently of other detector parameters such that a high quantum efficiency can be achieved. Quarter 
wave resonators will not be incorporated into the detector arrays for this demonstration.

To extend stability of the mid-IR arrays to the required time scales (i.e., hours), the team introduced 
a calibration system with a high precision reference load and real time load temperature monitoring 
(Staguhn et al., accepted by IEEE). The load temperature is modulated, so detector response to the 
load signal can be monitored. This system approach has recently been awarded as an APRA program. 

The calibration scheme is independent from the detector used (even though it will only provide a suf-
ficient SNR for calibrating individual time intervals of several minutes, so the detector needs to be stable 
within a fraction of that, which was demonstrated for TES). Should better detectors become available in 
the future, using this calibration scheme to improve their long-term stability would also be straightforward.

Figure 36: Long duration laboratory measurement of the average 
noise spectrum of a GSFC TES Detector array (in units of normalized 
current noise density).
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4.8 Schedule for MIR array development and Down Select Strategy
A dedicated mid-infrared detector program for Origins’ MISC-T instruments will provide a strategic 

NASA investment outside of the grants program. This program will focus on development of a high-sta-
bility mid-infared transit spectrometer. In sections 4.4 to 4.6 we outlined the efforts needed to advance 
HgCdTe arrays, Si:As arrays and TES bolometers. By the start of this program (2021), JWST will be 
taking data and we will have better data to evaluate the performance of the HgCdTe and Si:As arrays and 
their applicability to Origins transit spectrometer. Hence, within the first year, we will assess the best path 
to take. For example, we could pursue all three options or HgCdTe and Si:As or TES bolometers. 

If we pursue all three options, our strategy will focus on maximizing resource by implementing re-
view and progress assessment program, so that a technology that meets and shows performance needed 
for Origins will be chosen as early as possible. For example, if during the initial phases of the program, 
TES bolometers meet the 5 ppm stability requirement, it will be chosen for Origins and developed to 
meet TRL requirements. The Origins team envisions any mid-IR detector development as a collabora-
tion between industry, NASA centers, and universities.

Appendix C presents a detailed labor plan and budget for the HgCdTe and mid-IR TES bolometer 
development efforts.

5 - COST SUMMARY
Table 8 summarizes the estimated cost to mature all Origins mission-enabling technology to TRL 6 

by mission PDR. All costs reported here are grass-roots estimates from relevant subject matter experts, 
including several members of the Origins Science and Technology Definition Team, Origins Study 
Office engineers, and a number of external experts. The technology maturation costs in PY 26 and 
PY 27 are included in the Phase A mission cost, which is reported elsewhere. The total Pre-Phase A cost 
(PY 21 – PY 24) to mature Origins technology is $156M (in Real Year dollars).

Table 8: Estimated Cost to mature all Origins mission-enabling technology to TRL 6 by mission PDR

Technology Investment Area
Year

PY21 PY22 PY23 PY24 PY25 PY26
Technology management $480,000 $494,400 $509,232 $524,509 $540,244 $556,452
4.5 K Cryocooler $9,900,000 $9,900,000 $11,100,000 $11,200,000 $5,000,000 $5,000,000
Sub-K Cryocooler $2,243,003 $2,394,153 $2,483,010 $2,247,416
Far-IR Detectors

TES Bolometers $5,707,629 $4,349,812 $3,981,624 $4,082,304 $2,500,000 $2,500,000
MKIDs $3,074,000 $2,882,000 $2,884,000 $3,057,000 $2,931,000 $2,500,000

Detector Readout Electronics $4,020,744 $3,306,460 $3,276,678 $3,159,631 $4,633,412 $4,676,977
Far-IR detector subtotal $12,802,373 $10,538,272 $10,142,302 $10,298,935 $10,064,412 $9,676,977

Mid-IR Detectors
HgCdTe and TES Bolometers $7,669,583 $6,216,053 $1,876,295 $1,688,491 $894,302

Si:As $1,000,000 $3,000,000 $3,000,000 $3,000,000
Mid-IR detector subtotal $8,669,583 $9,216,053 $4,876,295 $4,688,491 $894,302 $0

Total without reserve $34,094,959 $32,542,878 $29,110,839 $28,959,351 $16,498,958 $15,233,429
Manager’s reserve (25%) $8,523,740 $8,135,720 $7,277,710 $7,239,838 $4,124,740 $3,808,357
Total, including reserve $42,618,699 $40,678,598 $36,388,549 $36,199,189 $20,623,698 $19,041,786
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Acronym Definition
ACE Advanced Composition Explorer
ACEIT Automated Cost Estimating Integrated Tools
AC-Modulated Alternating-Current Modulated
ACS Attitude Control System
ACTDP Advanced Cryocooler Technology Development Program 
ADC Analog digital Converter
ADR Adiabatic Demagnetization Refrigerator
ADRC Adiabatic Demagnetization Refrigerator Controller
AGN Active Galactic Nucleus or Nuclei
ALMA Atacama Large Millimeter/submillimeter Array
AO Adaptive Optics
AO Announcement of Opportunity
AOS Aft Optics Structure
APD Astrophysics Division
ARC AMES Research Center
ARIEL Atmospheric Remote-sensing Infrared Exoplanet 

Large-survey
ASIC Application-Specific Integrated Circuits
ASIST Advance Spacecraft Integration and System Test
ATP Authority/Authorization to Proceed
AU Astronomical Unit
B Billion
BIB blocked impurity band
BIRB Ball infrared Black 
BFR Big Falcon Rocket
BHAR Black-Hole Accretion Rate
BHARD Black-Hole Accretion-Rate Density 
BLASTPol Balloon-borne LargeAperture Submillimeter Telescope for 

Polarimetry
BOL Beginning of Life 
BW Bandwidth
BY Base Year (is defined equivalent to Fiscal Year (FY))
C Cooper Pair
CADR Continuous Adiabatic Demagnetization Refrigerator
CBE Current Best Estimate
CCA Cryocooler Assembly
CCHP Constant Conduction Heat Pipes 
CDF Cummulative Density Function
C&DH Command and Data Handling
CDM Code Division Multiplexing
CDR Critical Design Review
CEA French Alternative Energies and Atomic Energy Commis-

sion
CEMA Cost Estimating and Modeling Analysis
cFE core Flight Executive
CFRP Carbon Fiber Reinforced Polymer
cFS core Flight Software
CGH computer-generated hologram
CGM Circumgalactic Medium  
CIDC interdigitated capacitor
CL confidence levels
CMB Cosmic Microwave Background

Acronym Definition
CMM Coordinate Measuring Machine
CMMI Capability Maturity Model Integration
CNES Centre National d’Études Spatiales (National Center for 

Space Studies)
CM&O Center Management and Operations
CMOS Complementary metal oxide semi-conductor
COBE Cosmic Background Explorer
COTS Commercial off the shelf
CPA chrome-potassium-alum
CPI Cloud Particle Imager
CPM Cryogenic Payload Module 
CPT Comprehensive Performance Test
CPU Computer Programmable Unit
CRM Continuous Risk Management
CRTBP Circular Restricted Three Body Problem
CSO Chief Safety Officer
CTE Coefficient of Thermal Expansion
CTIA capacitive trans-impedance amplifier
CVZ Continuous Viewing Zone
DAC Distributed Monte Carlo Method Analysis Code
DAK Double Aluminized Kapton 
DC Direct Current
DDL Detector Development Lab
DES Dark Energy Survey
DET Direct Energy Transfer 
DIT Differential Impedance Transducer
DIT Dublin Institute of Technology
DM Deformable Mirror
DR dilution refrigerator
DRO Distant Retrograde Orbit
DSCOVR Deep Space Climate Observatory
DSN Deep Space Network
DSOC Deep Space Optical Comm
DTU Data Transfer Unit
DTN Delay/Disruption Tolerant Network
EAR Export Administration Regulations
EDRS European Data Relay System
EDU Engineering Demonstration Unit
EGSE Electrical Ground Support Equipment
ELT Extremely Large Telescope
EM Electromagnetic
EM Engineering Model
EMC Electromagnetic Compatibility
EMI Electro-Magnetic Interference 
EOL End-of-Life
EoR Epoch of Reionization
EPS Electrical Power System
ESA European Space Agency
ETU Engineering Test Unit
EQW Equivalent Width
F&A Facilities and Administrative
Far-IR SIG Far-IR Science Interest Group

Acronyms and Definitions
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Acronym Definition
FDM frequency-division-multiplexed
FIP Far-infrared Imager Polarimeter
FIR Far-Infrared (~30-300µm)
FM Flight Model
FM Fold Mirror
FOG Fiber Optic Gyro
FoR Field of Regard
FOR Flight Operations Review
FOV Field of View 
FPA Focal Plane Array 
FPGA Field Programmable Gate Array
FPI Fabry-Perot interferometer
FRR Flight Readiness Review
FS Fine Structure
FSM Field Steering Mirror
FSR Final Systems Review
FSW Flight Software
FTE full-time-equivalent
FTS Fourier Transform Spectrometer
FUN CAIs Calcium-aluminium-rich inclusions with isotopic mass 

fractionation effects and unidentified nuclear isotopic 
anomalies

FWHM Spectral Line Full Width at Half-Maximum
GCC Goddard Composite Coating
GI Guest Investigator
GLF gadolinium-lithium-fluoride
GMT Giant Magellan Telescope 
GNC Guidance Navigation and Control
GO General Observer
GOES Geostationary Operational Environmental Satellite
GOLD Goddard Open Learning Design
GRC Glenn Research Center
GSE Ground Support Equipment
GSFC Goddard Space Flight Center
GW gravitational wave
HAWC+ High-resolution Airborne Wideband Camera-plus
HEB Hot Electron Bolometer mixer
HEMT High-electron-mobility transistor
HERO HEterodyne Receiver for Origins
HFI Planck High Frequency Instrument
HGA High Gain Antenna
HIFI Heterodyne Instrument for the Far-Infrared
HIRMES HIgh Resolution Mid-infrarEd Spectrometer
HQ NASA Headquarters
HST Hubble Space Telescope 
HWP Half-wave Plate 
IBC impurity band conductor
IC integrated circuit
IDE Integrated Development Environment
IDL Instrument Design lab
IF Intermediate Frequency 
IFU Integral Field Unit
IGM Intergalactic Medium 
IMF Initial Mass Function

Acronym Definition
IMP Instrument Mounting Plate
IMS Integrated Master Schedule
IMS Inner Mirror Segments
IMU Inertial Measurement Unit
IPT In-Plant Transporter
IPAC Infrared Processing and Analysis Center
IPC interpixel capacitance
IR InfraRed
IRAC InfraRed Array Camera
IRAS InfraRed Astronomy Satellite 
IRS InfraRed Spectrometer (on Spitzer)
IRSA IPAC Infrared Science Archive
IS Image Surface
ISE Instrument Systems Engineer
ISM Interstellar Medium 
ISO Infrared Space Observatory
I&T Integration and Test
ITAR International Traffic in Arms Regulations
ITOS Integrated Test and Operations System
JAXA Japan Aerospace and eXploration Agency 
JCMT James Clerk Maxwell Telescope
JHU Johns Hopkins University
JPL Jet Propulsion Laboratory
JSC Johnson Space Center 
JWST James Web Space Telescope
KB Kuiper-belt
KDP Key Decision Point
KIDs Kinetic Inductance Detectors 
L inductor
LCRD Laser Communication Relay Demonstration
LEMNOS Laser-Enhanced Mission Communications Navigation and 

Operational Services
LEO Low Earth Orbit
LEV SEL2 Earth-Vehicle
LIGO Laser Interferometer Gravitational Wave Observatory
LIR Infrared Luminosity 
LIRG Luminous Infrared Galaxies
LISA Laser Interferometer Space Antenna 
LM Lockheed Martin
LO Local Oscillator
LOFAR Low Frequency Array
LOI Libration Orbit Insertion
LOS Line Of Sight
LRS Low-Resolution Spectrometry
LSST Large Synoptic Survey Telescope 
LTE Local Thermal Equilibrium
LV Launch Vehicle
LWS Long Wavelength Spectrometer (on infrared space 

observatory)
M Million
MAST Mikulski Archive for Space Telescopes
MAM Mission Assurance Manager
MCC Mid-Course Correction
MDL microdevices lab
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Acronym Definition
MDL Mission Design Lab
MEB Main Electronics Box 
MEL Master Equipment List
MEMS Micro-Electro-Mechanical Systems
MEV Maximum Expected Value
MHD magneto-hydrodynamical
MIR Mid-Infrared (~3-30µm)
MIRI Mid InfraRed Instrument
MIRI-IFU Mid InfraRed Instrument  Integral Field Unit
MISC Mid-Infrared Spectrometer and Camera 
MISC-T Mid-Infrared Spectrometer and Camera Transit Spectrom-

eter Module
MKID Microwave Kinetic Inductance Device
MLI Multi-Layer Insulation
MOC Mission Operations Center
MOR Mission Operations Readiness Review
MPC Minor Planet Center
MPMF Mass Properties Measurement Facility
MPSoC multiprocessor system-on-chip
MPV Maximum Possible Value
MSE Mission Systems Engineer
MSFC Marshall Space Flight Center
MSX Mid-course Space eXperiment
NASA National Aeronautics and Space Administration
NEA Noise Equivalent Angle 
NEN Near Earth Network
NEOCam Near-Earth Object Camera mission
NEP Noise Equivalent Power 
NIRCam Near-Infrared Camera
NIRSpec Near InfraRed Spectrograph
NOEMA Northern Extended Millimeter Array
NRHO Near Rectilinear Halo Orbit
OFCO Office of the Chief Financial Office
OFSW Origins Flight SoftWare
OMS Outer Mirror Segments
OPD Optical Path Difference
Origins Origins Space Telescope
ORR Operations Readiness Review
OSS Origins Survey Spectrometer
OTIS Optical Telescope Element and Integrated Science Instru-

ment Module
PACE Plankton, Aerosol, Cloud, ocean Ecosystem
PACS Photodetector Array Camera and Spectrometer
PAF Payload Adaptor Fitting
PAH Polycyclic Aromatic Hydrocarbon
PAH-SFR PAH Star Formation Rate 
PCA Pressure Control Assembly
PDR Preliminary Design Review 
PDR Photon-Dominated Region or Photo-Dissociation Region
PEEK PolyEthylEtherKetone
PER Pre-Environmental Review
PES PRICE Estimating Suite
PHOENIX A radiative-transfer atmosphere code (not an acronym)
PM Primary Mirror

Acronym Definition
PMBSS Primary Mirror Backplane Support Structure 
PMSA Primary Mirror Segment Assembly
PIA Propellant Isolation Assembly
PIR PAF Interface Ring
POM Pick-off-Mirror
PM Primary Mirror
PMD Propellant Management Device
PPM Pulse Position Modulation
PS Propulsion System
PSE Power Supply Electronics
PSF Point Spread Function
PSI Pounds per Square Inch
PSR Pre-Ship Review
QCDs Quantum Capacitance Detectors 
QE quantum efficiency
QML Quality Management Plan
QSO Quasi-Stellar Object
R Resolving Power
RA Resource Analyst
RAO Resource Analysis Office
RF Radio Frequency 
RFSoC RF-system on chip 
RLP Rotating Libration Point
RM Risk Manager
RMS Root Mean Squared
RMSWE Root Mean Square Wavefront Error
ROICs Read Out Integrated Circuits
RV Radial Velocity 
RXTE Rossi X-ray Timing Explorer
RY Real Year
S/A Solar Array
SAFARI SpicA FAR-infrared Instrument
SAM System Assurance Manager – check this…”Safety”
SAMPEX Solar, Anomalous, and Magnetospheric Particle Explorer
SAT Strategic Astrophysics Technology 
SB Spectroscopic Binary
SBC Single Board Computer
SBIR Small Business Innovation Research
SBM Spacecraft Bus Module 
SC Spacecraft
SCPPM Serially Concatenated Pulse Position Modulation
SC TILT Spacecraft Top-Level Integration and Test
SDO Scattered-Disk Object
SDO Solar Dynamics Observatory
SDSS Sloan Digital Sky Survey 
SECCHI Sun Earth Connection Coronal and Heliospheric Investi-

gation
SECO1 Second Engine Cut-Off 1
SED Spectral Energy Distribution 
SED Sciences and Exploration Directorate
SEL1 Sun-Earth Libration Point 1
SEL2 Sun-Earth Libration Point 2
SEM Scanning Electron Microscope
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Acronym Definition
SES Space Environment Simulator
SEU single event functional upsets
SF Star Formation
SFD source follower per detector
SFR Star Formation Rate 
SFRD Star Formation Rate Density
SHI Sumitomo Heavy Industries
SiC Silicon Carbide
SIR System Integration Review
SIS Superconducting Insulating Superconducting mixer
SKA Square Kilometre Array
SLS Space Launch System
SM Secondary Mirror
SM3 Servicing Mission 3
SMA Secondary Mirror Assembly
SMA Safety and Mission Assurance
SMBH Supermassive Black Hole
SMSS Secondary Mirror Support Structure
S/N See SNR (if we’re using both, we should pick one!)
SNe Supernovae
SNR Signal-to-Noise Ratio
SNR Supernova remnants
SOA state-of-the-art
SOC Science Operations Center
SOFIA Stratospheric Observatory for Infrared Astronomy
SPECULOOS Search for habitable Planets EClipsing ULtra-cOOl Stars
SPF Space Power Facility 
SPICA SPace Infrared telescope for Cosmology and Astrophysics 
SPIFI South Pole Imaging Fabry-Perot Interferometer
SPIRE Spectral and Photometric Imaging Receiver
SQUIDs Superconducting Quantum-Interference Devices
SRR System Requirement Review
SSDIF Spacecraft Systems Development and Integration Facility
SSPD Satellite Servicing Projects Division
SSR Solid State Recorder
SRON Netherlands Institute for Space Research
SS Study Scientist
SSA Sun Shield Assembly
STDT Science and technology Definition Team
STM Science Traceability Matrix 
STScI Space Telescope Science Institute
STTARS Space Telescope Transportation Air, Road and Sea
SV Servicing Vehicle
SWAS Submillimeter Wave Astronomy Satellite
SWS Short Wave Spectrometer (on Infrared Space Observatory)
T Transit Spectrometer
TAA Technical Assistance Agreements
TAC Time Allocation Committee
TAI International Atomic Time
TBD To Be Determined
TDM Time-Frequency Division Multiplexing
TDRSS Tracking and Data Relay Satellite System
TES Transition-edged Sensors

Acronym Definition
TESS Transiting Exoplanet Survey Satellite
TFSM Telescope Fine Steering Mirror
TID Total Ionizing Dose
TIM Technical Interchange Meeting
TIP Transfer to Insertion Point
TIS Teledyne Imaging Sensors
T-L MISC Transit Spectrometer Long Wavelength Channel
TLS two-level-system (fluctuators)
TM Tertiary Mirror
T-M MISC Transit Spectrometer Mid Wavelength Channel
TMA Triple Mirror Assembly
TMA Three Mirror Anastigmat 
TMT Thirty Meter Telescope
TNO Trans Neptunian Object
TOO Targets of Opportunity
TRAPPIST Transiting Planets and Planetesimals Small Telescope
TRL Technology Readiness Level
TRMM Tropical Rainfall Mapping Mission
T-S MISC Transit Spectrometer Short Wavelength Channel
TTM Tip-Tilt Mirror
TTS MISC Tip-Tilt Sensor 
ULE Ultra Low Expansion
ULIRG Ultra-Luminous Infrared Galaxy
upGREAT upgraded German REceiver at Terahertz
UR University of Rochester
VDA Vapor Deposited Aluminum 
VELLOs Very Low Luminosity Objects
VNA Vector Network Analyzer
VSMOW Vienna Standard Mean Ocean Water (standard used for 

D/H)
WBS Work Breakdown Structure
WFI MISC Wide Field Imager Module 
WFIRST Wide Field InfraRed Survey Telescope
WFIRST/HLS WFIRST High Latitude Survey
WISE Wide-Field Infrared Explorer 
WMAP Wilkinson Microwave Anisotropy Probe
WSC White Sands Complex
XRCF X-Ray Calibration Facility
XUV X-ray and Ultraviolet
YSO Young Stellar Object
ZEUS redshift (Z) and Early Universe Spectrometer
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